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ABSTRACT 
Mechanisms and Prevention of Axonal Damage in Response to  
Mechanical Trauma to Cultured Neurons 
Devrim Kilinc 
Kenneth A. Barbee, Ph.D. 
 
 
Diffuse axonal injury (DAI), a major component of traumatic brain injury, is a 
manifestation of microstructural cellular trauma and various ensuing neurochemical 
reactions that leads to secondary neuronal death. DAI is suggested to result from the 
initial increase in the membrane permeability caused by the mechanical forces acting on 
the axons. Permeability increases disturb ion balance and lead to cytoskeletal disruption 
resulting in the impairment of axonal transport. In this study, we present an in vitro 
neurotrauma model that reproduces important features of in vivo DAI such as membrane 
permeability changes, focal disruption of microtubules, impaired axonal transport, and 
focal axonal beading, the “hallmark” morphology of DAI. In addition, we show that the 
post-injury increase in the intracellular calcium ion concentration and subsequent calpain 
activity are the underlying phenomena in the neuropathological sequelae following 
mechanical injury. Interestingly, calcium and calpain activity are pronounced in focal 
“hot spots” that develop into axonal beads. Post-injury application of Poloxamer 188, a 
polymer known to reseal damaged membranes, successfully reduced mechanoporation, 
calpain activity, microtubule disruption, and axonal beading. These results suggest that 
membrane repair has a therapeutic potential in DAI. We have developed a spatio-
temporal axon model to simulate post-injury calcium and calpain mechanisms. We show 
that calcium-dependent calpain activity depends on the amount of poration and is 
modulated by mitochondria and calpain activation dynamics. 
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CHAPTER 1: INTRODUCTION 
 
 
 
1.1. EPIDEMIOLOGY AND TREATMENT OF BRAIN TRAUMA 
Traumatic brain injury (TBI) is a major cause of death and disabilities worldwide; from 
100 to 350 patients per 100,000 inhabitants are admitted to hospital care following a TBI 
(Servadei et al., 2007). Injuries are the major cause of death between the ages 15 and 44, 
and head trauma is the most common type of all trauma deaths (Schouten, 2007). Yet 
with this enormous burden to the society, there is no clinically proven therapy available 
(Wang et al., 2006). Current medical management of patients with a TBI includes 
specialized pre-hospital care, intensive care, and long-term rehabilitation depending on 
the injury severity (Schouten, 2007). There is a dire need for clinically effective 
neuroprotective agents to limit the neuropathological sequelae of TBI. 
 
A review article dating a decade ago indicated a recent explosion of research concerning 
the characterization of mechanisms of TBI and the development of novel pharmaceutical 
strategies to treat brain trauma (McIntosh et al., 1998). The promise of combinational 
drug therapy for mitigating the effects of secondary auto-destructive injury cascades was 
big; however, it was also noted that few studies to that date had investigated the critical 
window of therapeutic intervention (McIntosh et al., 1998). Translation of experimental 
results into clinical benefit is an extremely challenging task for these reasons: (i) 
pathophysiological sequelae inciting secondary neuronal death are active at different 
post-injury time points for individual cases; (ii) pathways that have detrimental effects 
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might become protective in the late phases; and (iii) design and analysis of clinical trials 
is hard due to the variations in the population and treatment approaches (Schouten, 2007).  
 
TBI pathology includes primary and secondary injuries, where the former is associated 
with immediate biomechanical effects and the latter with the subsequent cascade of 
intracellular events leading to neuronal death. In addition, there are also secondary insults 
of the systemic type, such as increased intracranial pressure and hypoxia due to 
microvascular damage (Schouten, 2007). Due to the nature of the problem, the primary 
goal of neuroprotection is to block the secondary neurobiological cascades and prevent 
widespread damage. Mild TBI is considered a “silent epidemic” because of its non-
specific neuropathological sequelae and its effect on the general population (Wang et al., 
2006). A number of neuroprotective strategies are currently being investigated: 
Glutamate receptor antagonists, bradykinin antagonists, calpain and caspase inhibitors, 
mitochondrial permeability transition inhibitors, nitric oxide inhibitors, hormones, 
erythropoietin, and hypothermia (Schouten, 2007; Wang et al., 2006). Due to the 
complexity of the problem, a single mode of treatment would unlikely be successful. A 
cocktail of therapeutic agents attacking different facets of neuropathological cascades at 
different post-injury time points would have a bigger chance in succeeding against the 
secondary injury incited by brain trauma. 
 
1.2. BIOMECHANICS OF TRAUMATIC BRAIN INJURY 
TBI is initiated by mechanical forces that are applied on the head and set the brain in an 
accelerated motion. Diffuse axonal injury (DAI), is the diffuse form of traumatic brain 
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injury (TBI) and displays widespread damage in the white matter (Gennarelli et al., 1982; 
Strich, 1961). DAI is associated with the inertial forces applied on the head at the time of 
the injury that does not disrupt the axons but incite secondary cellular damage 
(Gennarelli et al., 1998; Maxwell et al., 1993). DAI is a continuum of various 
neurochemical changes (McIntosh et al., 1996) and results in axonal bead formation 
leading to disconnection from target tissue and cell death (Gaetz, 2004). Having a 
mechanical pathogenesis that is initiated at the moment of injury (Adams et al., 1982), 
DAI is followed by cytoskeletal damage and accumulation of membrane-bound 
organelles within 1 hour following injury (Maxwell et al., 1993). Axonal shearing at the 
time of injury was previously suggested as the initiating event of DAI (Strich, 1961). A 
spectrum of injuries that accompany DAI at different amounts, locations, and severities, 
was proposed for the categorization of the traumatic damage in the axon: (i) Reversible 
ionic imbalance at <5% strain; (ii) reversible cytoskeletal damage and local swellings at 
5-10% strain; (iii) secondary axotomy, where calpain-mediated cytoskeletal breakdown 
causes axonal beading and separation, at 15-20% strain; (iv) primary axotomy, immediate 
structural disruption, at > 20% strain (Gennarelli, 1996).  
 
1.3. CELLULAR MECHANISMS OF TBI 
The increase in the axolemmal permeability that causes a calcium (Ca2+) influx down its 
concentration gradient is generally accepted as the underlying phenomenon for the 
initiation of traumatic axonal injury (TAI) (Gaetz, 2004). However, this idea does not 
remain unchallenged (Smith et al., 1999). The increase in intracellular Ca2+ concentration 
([Ca2+]i) activates a number of pathways which participate in necrotic and apoptotic cell 
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death (Raghupathi, 2004). Calpains, Ca2+-activated non-specific proteases that are known 
to degrade a number of structural and regulatory proteins, are considered as the mediators 
of the axonal damage (Buki and Povlishock, 2006). Disruption of cytoskeletal elements 
leads to axonal transport impairment and causes focal accumulation of organelles, termed 
axonal beads (Gaetz, 2004).  
 
The increase in the axolemmal permeability following TBI was demonstrated by the 
influx of normally excluded molecules (Geddes et al., 2003a; Pettus et al., 1994; Pettus 
and Povlishock, 1996; Povlishock et al., 1997; Singleton and Povlishock, 2004; Stone et 
al., 2004) and by the efflux of molecules that are normally confined to cytoplasm (Farkas 
et al., 2006; LaPlaca et al., 1997; Serbest et al., 2005; Whalen et al., 2007). Focal 
axolemmal permeability was shown to depend on the injury severity and was associated 
with reactive axonal change, reduced microtubule mass and neurofilament sidearm (NF) 
compaction (Pettus et al., 1994; Pettus and Povlishock, 1996). Mechanoporation due to 
fluid shear stress injury was shown to depend on the loading rate (LaPlaca et al., 1997) 
whereas mechanoporation due to membrane stretch injury was shown to be both rate- and 
magnitude-dependent (Geddes et al., 2003b). Interestingly, permeability increases and 
axonal transport impairment was shown to occur in distinct populations of axons (Stone 
et al., 2004). Recently, calpain activity in injured neurons correlated neither with necrotic 
morphology nor with mechanoporation to large markers (10kDa) (Farkas et al., 2006). 
Mechanoporation, the initiating event of the neuropathological sequelae, was shown to be 
reversible following in vivo DAI (Farkas et al., 2006), suggesting that repairing the 
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plasmalemma is a valid therapeutic target for mitigating the effects of mechanical 
traumatic injury. 
 
TBI has been associated with increased Ca2+ levels; however the source of Ca2+ entry is 
not clearly identified (Buki and Povlishock, 2006). Ca2+ content in the gray matter of 
traumatized rats was found to be significantly higher than controls at 1h post-injury and 
correlated with edema (Shapira et al., 1989). In some neurons of the mechanically injured 
rat brain, axoplasmic Ca deposits were found on the swollen mitochondria, indicating that 
these organelles can act as intra-axonal hot spots when damaged (Xiao-Sheng et al., 
2000). Axotomy-induced neuronal death was shown to be dependent on extracellular 
Ca2+ (George et al., 1995), indicating that influx of extracellular Ca2+ is a common 
mechanism for neuronal degeneration and death. In vitro injury on neuron-like cells 
resulted in a sharp rise in [Ca2+]i followed by a slow decrease (LaPlaca et al., 1997). This 
increase could be partially blocked by NMDA receptor antagonists. Uniaxial stretch 
injury resulted in Ca2+ influx through tetrodotoxin-sensitive voltage gated Na-channels. 
Biaxial stretch injury also resulted in an immediate rise in [Ca2+]i that quickly returned to 
the baseline (Cargill and Thibault, 1996). These studies provide the evidence for the 
hypothesis that calcium overloading following TAI is a key event in the progression of 
secondary axonal degeneration.  
 
Calpain activation has been shown to follow traumatic and other types of injuries to the 
nervous system. In head injured humans, activated µ-calpain and calpain-mediated 
spectrin breakdown products (CMSP) were shown to increase compared to control levels 
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(McCracken et al., 1999). CMSP were also detected in axonal swellings during post-
traumatic survival period (30 – 120 min) (Buki et al., 1999b). Interestigly, CMSP were 
found to be closer to the axolemma and to intracellular organelles such as mitochondria 
(Buki et al., 1999b). Calpain activation have been shown to follow a biphasic pattern, 
such that CMSP were detected within minutes to hours along the length of the axons and 
later (4 days) in axonal swellings (Saatman et al., 2003). The early activation of calpains 
is suggested to be a part of the progressive structural damage following injury whereas 
the delayed activation is attributed to the late phases of axonal degeneration (Saatman et 
al., 2003). One would suggest that early activation of calpains due to Ca2+-influx through 
mechanically-induced plasmalemmal pores; however, only a small fraction of 
mechanoporated axons contained CMSP (Farkas et al., 2006). These studies cumulatively 
suggest that early calpain activation following traumatic injury may have an important 
role in the pathological cascade leading to neuronal death.  
 
Neuronal CSK undergoes degradation following TBI. NF sidearm compaction (Grady et 
al., 1993; Pettus and Povlishock, 1996; Povlishock et al., 1997; Yaghmai and Povlishock, 
1992) and calpain mediated spectrin breakdown (Kampfl et al., 1997; Saatman et al., 
1996b) occur in the acute post-injury period. Loss of NFs (Maxwell et al., 2003; Saatman 
et al., 1998), total tubulin (Serbest et al., 2007), MTs (Maxwell et al., 2003) and MAP-2 
(Huh et al., 2003; Saatman et al., 1998; Sieg et al., 1999)) were also detected following 
injury. These studies suggest that the CSK may be a downstream target for the induction 
of DAI and disruption of the CSK, especially of MTs may underlie impaired axonal 
transport. The formation of axonal beads is the morphological hallmark of DAI pathology 
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(Povlishock and Christman, 1995). Axonal beading was demonstrated in the 
traumatically injured human white matter tracts (Adams et al., 1982; Gentleman et al., 
1995; McCracken et al., 1999; Strich, 1961). Axonal beads reflect the accumulated 
proteins and membrane-bound organelles, such as mitochondria, at multiple distinct 
locations along the axon due to impaired axonal transport (Maxwell, 1996; Maxwell and 
Graham, 1997). Amyloid precursor protein, a known marker of fast axonal transport, 
localizes to axonal beads in traumatized human brain (Blumbergs et al., 1995; Gentleman 
et al., 1995; Stone et al., 2004). Since axonal transport is conducted along axonal MTs 
(Coleman, 2005), a direct relationship between axonal MT loss and bead formation is 
suspected. Sites of high MT loss correlated with the sites of axonal beading (Maxwell 
and Graham, 1997). However, axons undergoing impaired axonal transport have recently 
been shown not to have increased axolemmal permeability (Stone et al., 2004). 
 
The hypothesis claiming that neuronal damage following traumatic injury occurs via 
mechanoporation-induced calcium overload and subsequent calpain-mediated 
cytoskeletal loss is not universally accepted. This study investigates these mechanisms 
using an in vitro model system and provides evidence in favor of this hypothesis. 
 
1.4. EXPERIMENTAL MODELS OF TBI 
A number of experimental models of TBI have been developed to enhance the 
understanding of the pathological mechanisms and investigate potential therapeutic 
agents. Due to heterogeneous nature of the human TBI, no single animal model can 
mimic the whole spectrum of neuropathology observed in TBI patients (McIntosh et al., 
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1998). In order to reproduce the clinical sequelae of TBI, the experimental model is 
required to (i) be able to vary the injury severity; (ii) evoke a quantifiable and repeatable 
response; and (iii) replicate the types of injury observed in human brain (Morales et al., 
2005).  
 
Experimental models that reproduce focal brain injury include weight drop model 
(Feeney et al., 1981), controlled cortical impact model (Dixon et al., 1991), and fluid 
percussion model (Hayes et al., 1987). Optic nerve stretch injury was developed to apply 
mechanical stretch to the myelinated, central nerve fibers (Gennarelli et al., 1989). 
Experimental models for reproducing diffuse brain injury include the impact acceleration 
model (Marmarou et al., 1994), the diffuse injury model (Fijalkowski et al., 2007), and 
the inertial acceleration model (Gennarelli et al., 1982). The lateral fluid percussion 
model reproduces the features of both focal and diffuse brain injuries (McIntosh et al., 
1989).  
 
In vivo models of TAI have a number of limitations. Systemic responses to trauma, 
heterogeneous mechanical loading, inability to control extracellular environment, and 
inability to closely observe and assess cellular and molecular events that occur during and 
following injury are among these. Several attempts have been made to model neuronal 
injury in vitro to understand the molecular and cellular basis of traumatic injury. The 
controlled extracellular environment, the lesser complexity in mechanical loading, and 
the ability to observe cells before, during, and following injury are some of the 
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advantages of using an in vitro injury model. Moreover, in vitro model systems provide a 
time- and cost-effective system to test potential therapeutic methods or agents.  
 
In vitro models of neuronal injury include compression pressure injury (Shepard et al., 
1991), rapid acceleration injury (Lucas and Wolf, 1991), membrane tearing injury (Regan 
and Choi, 1994), uniaxial (Lusardi et al., 2004; Smith et al., 1999) and biaxial (Cargill 
and Thibault, 1996) stretch injuries, shear deformation injury (LaPlaca et al., 2005) and 
fluid shear stress injury (FSSI) (LaPlaca et al., 1997). FSSI has been applied to neurons 
by devices similar to spinning-disk viscometers. Using a parallel disk FSSI model, 
neuron-like cells have been shown to undergo mechanoporation-induced, rate-dependent 
acute [Ca2+]i increase (LaPlaca et al., 1997). Since shear stress varies with the distance 
from the center of the disk, the cellular response has been heterogeneous. To overcome 
this problem a cone-and-plate based shear stress device that applies uniform shear stress 
over the area, has been used to injure neuron-like PC2 cells (Serbest et al., 2005). In the 
current study, the cone-and-plate based shear device (Blackman et al., 2000) was used for 
the delivery of the injury to cultured primary neurons. Cultured neurons have a lower 
attachment threshold compared to PC2 cells previously subjected to same injury type 
(Serbest et al., 2005).  
 
1.5. SPECIFIC AIMS OF THE THESIS 
The aim of this work is to elucidate the mechanisms underlying the pathological changes 
in cultured neurons in response to mechanically-induced injury and to investigate 
whether membrane sealing might be a viable treatment strategy for mechanoporation-
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induced neuronal death. This study has following specific aims: (i) to develop an in vitro 
model of mechanical trauma to cultured primary neurons in order to mimic TBI-like 
changes; (ii) to characterize axonal bead formation and cytoskeletal changes in response 
to FSSI using computer-based interactive image processing algorithms; (iii) to investigate 
mechanoporation-induced, calcium-dependent calpain activity following FSSI; (iv) to test 
the neuroprotective ability of the post-injury Poloxamer 188 treatment in terms of injury 
mechanisms; and (v) to create a cell physiological model for studying calcium and 
calpain mechanisms in an axon undergoing imaginary mechanoporation . 
 
1.6. ORGANIZATION OF THE THESIS 
The thesis is organized as three separate manuscripts with a preceding introduction 
chapter (Chapter 1, present) presenting a general introduction to the traumatic axonal 
injury field, and a conclusion (Chapter 5) which discusses and summarizes the primary 
findings and their implications for future studies and their relevancy to the neuronal 
injury field. Chapter 2 presents the studies conducted to elucidate the mechanisms 
underlying axonal bead formation following mechanical injury and to investigate the 
effect of membrane sealant Poloxamer 188 (P188) on the mechanoporation-induced 
neuropathological sequelae. Chapter 2 also includes the computer-based image analysis 
programs that were developed to measure axonal beading and the co-localization of beads 
and microtubule disruptions. Chapter 3 presents the studies conducted to investigate 
calcium and calpain mechanisms following mechanical injury to cultured neurons and the 
effects of calcium chelation and calpain inhibition to the outcome of the injury. Chapter 4 
presents the cell physiological study conducted to investigate intracellular calcium and 
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calpain mechanisms following an imaginary poration in a virtual cell modeling system. In 
order to avoid redundancy, materials and methods sections are prepared such that they 
refer to each other when necessary. However, there might be redundancy in the 
background information since the individual chapters share a common context. 
 
1.7. EXECUTIVE SUMMARY OF THE THESIS 
Shear stress injury was applied on cultured chick forebrain neurons in order to investigate 
the mechanisms of post-injury neurobiological damage and the therapeutic potential of 
acute post-injury membrane repair. Axonal injury induced focal axonal beading, 
characterized by organelle accumulation. Focal beading was co-localized with focal 
disruptions in the microtubule array, as revealed by computer-assisted image analysis 
programs. Injury also induced mechanoporation as measured by a permeability assay. 
Increase in the permeability, disruption of microtubules and axonal beading could be 
blocked by the post-injury application of membrane sealing surfactant Poloxamer 188. 
Steady increases in the intracellular calcium concentration and in the subsequent calpain 
activity were observed following mechanical injury. These increases could be blocked by 
either intracellular of extracellular buffering of calcium and by Poloxamer 188. Focal 
“hot spots” of calcium and calpain activity have been found to underlie axonal bead 
locations and these spots were associated with axonal mitochondria. This association 
suggests the important role of mitochondria in the sequestration and buffering of post-
injury calcium in order to mitigate the effects of cytoplasmic overload. A spatio-temporal 
physiological model was generated to study the effects of focal poration and axonal 
mitochondrial distribution on the calcium-dependent calpain activation and activity. 
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CHAPTER 2: AXONAL BEADING IN RESPONSE TO MECHANICAL 
TRAUMA AND THE EFFECT OF POLOXAMER 188 
 
 
 
2.1. BACKGROUND 
2.1.1. Diffuse Axonal Injury  
Diffuse axonal injury (DAI), the diffuse form of traumatic brain injury (TBI), displays 
widespread damage in the white matter (Gennarelli et al., 1982; Strich, 1961) and is 
thought to result from inertial forces applied on the head at the time of the injury 
(Gennarelli et al., 1998; Maxwell et al., 1993). Axons are particularly vulnerable to 
mechanical insults and most of the axons are non-disruptively injured and undergo 
secondary axotomy (Maxwell et al., 1997). DAI is a continuum of a number of 
neurochemical and morphological changes (McIntosh et al., 1996) and is characterized 
by axonal bead formation leading to disconnection from target tissue and cell death 
(Gaetz, 2004). 
 
Patients with DAI had longer duration of survival and lower rates of skull fracture, 
contusion, and intracranial hematoma compared to patients with non-DAI head injury, 
suggesting that  DAI had a mechanical pathogenesis that initiated at the moment of injury 
(Adams et al., 1982). In non-human primates, who were put into traumatic coma by 
rotationally accelerating their heads, DAI was proportional to injury severity and showed 
axonal damage that was similar to severe injury to human head (Gennarelli et al., 1982). 
Ultrastructural examination of the tissue obtained in the lateral rotation injury in the 
monkey suggested the occurrence of axonal shearing within 20 to 35 minutes (min) after 
the injury followed by cytoskeletal damage and aggregation of membranous organelles at 
13 
 
60 min post-injury (Maxwell et al., 1993). Axonal shearing (or tearing) at the time of 
injury was previously suggested as the initiating event of DAI by Strich (Strich, 1961), 
who demonstrated that in the post-mortem traumatized human brain widespread diffuse 
secondary (or Wallerian) degeneration of the white matter occurred along with normal 
appearing nerve fibers. At 88h post-injury, traumatized human hippocampus contains 
numerous axonal beads revealed by NR4 antibody targeting to a NF subunit (Grady et al., 
1993). 
 
TBI is initiated by mechanical forces that are applied on the head and set the brain in an 
accelerated motion. Three types of mechanical loading were described (Davis, 2000): In 
impact loading, where the skull makes contact with an object, high magnitude and short 
duration (<50ms) forces cause a deformation of the skull. In inertial loading, where the 
head moves due to forces applied to other parts of the body, the skull does not deform but 
it is accelerated (longer duration: 50-200 ms) by inertial forces. Finally in static loading, 
the skull is deformed by compressive loading that takes more than 200ms. Head trauma 
may involve a combination of these mechanical injury modes. It is the rotational 
impulsive (acceleration/deceleration) injury where the brain movement causes tensile and 
shear loading on the skull-dura interface, vascular and neuronal connections, resulting in 
DAI (Davis, 2000).  
 
Gennarelli (Gennarelli, 1996) argued that a spectrum of injuries occurred in DAI that 
differed in amount, location, and severity and categorized the traumatic damage in the 
axon: (i) Reversible ionic imbalance at <5% strain; (ii) reversible cytoskeletal damage 
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and local swellings at 5-10% strain; (iii) secondary axotomy, where calpain-mediated 
cytoskeletal breakdown causes axonal beading and separation, at 15-20% strain; (iv) 
primary axotomy, immediate structural disruption, at > 20% strain. The number of 
injured axons would increase and their distribution would move to the more severe 
categories as the clinical severity increased (Gennarelli, 1996; Gennarelli et al., 1989). 
However, in vitro stretching experiments showed that the neurons can tolerate up to 65% 
strain before undergoing primary axotomy (Smith et al., 1999). 
 
2.1.2. Mechanisms of Traumatic Axonal Injury 
Ultrastructural studies suggest a common sequence of axonal morphological response to 
moderate to severe injury to myelinated fibers: (1) Focal perturbation of the axolemma; 
(2) swelling of axonal mitochondria; (3) generation of nodal blebs (or beads) and 
thinning of the intermodal axoplasm; (4) loss of microtubules (MTs) and alteration of 
neurofilament (NF) structure; (5) involution of internodal axolemma; (6) development of 
periaxonal spaces; (7) occurrence of axonal swellings; (8) development of myelin 
intrusions; (9) formation of degeneration bulbs and disconnection of the axon (Maxwell 
et al., 1997). Neurobiological mechanisms underlying this morphological outcome have 
been studied extensively and will be discussed here. The generally accepted concept for 
the initiation of TAI is the increase in axolemmal permeability that causes an influx of 
ions, particularly calcium (Ca2+) down its concentration gradient (Gaetz, 2004). The 
increase in intracellular Ca2+ concentration ([Ca2+]i) activates a number of pathways 
which participate in necrotic and apoptotic cell death (Raghupathi, 2004). Calpain (a.k.a. 
CANP), a Ca2+-activated non-specific protease that is known to degrade a variety of 
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cytoskeletal proteins, is thought to be the mediator of injury-induced axonal damage 
(Buki and Povlishock, 2006). Loss or misalignment of cytoskeleton (CSK) leads to 
impaired axonal transport and accumulation of membranous cargo reflects in focal 
swellings or beads (Gaetz, 2004). Let us now discuss these events in more detail. 
 
The increase in the axolemmal permeability following TBI was demonstrated by the 
influx of normally excluded molecules such as horseradish peroxidase (HRP) (Pettus et 
al., 1994; Pettus and Povlishock, 1996; Povlishock et al., 1997) and fluorescent dextrans 
(Geddes et al., 2003a; Singleton and Povlishock, 2004; Stone et al., 2004) and by the 
efflux of molecules that are normally confined to cytoplasm such as lactate 
dehydrogenase (LDH) (LaPlaca et al., 1997; Serbest et al., 2005). Using a cat fluid 
percussion injury model, focal axolemmal permeability was shown to depend on the 
injury severity and was associated with reactive axonal change, namely with local 
mitochondrial abnormalities, NF compaction, and decreased MT density (Pettus et al., 
1994; Pettus and Povlishock, 1996). These results were verified in a rat impact loading 
injury model, which showed that the compaction of NFs was due to the alteration of their 
side arms (Povlishock et al., 1997). Fluid shear stress injury (FSSI) to neuron-like NT2 
cells showed that mechanoporation depended on the loading rate (LaPlaca et al., 1997) 
whereas mechanical stretch injury on cultured cortical neurons showed that 
mechanoporation was both rate and magnitude dependent (Geddes et al., 2003b). These 
findings suggest a passive mechanical response of the membrane, supporting the Ca2+ 
rush hypothesis stated above. However, stretching NT-2 cells caused NF 
immunoreactivity at focal swellings without inducing a permeability increase (Smith et 
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al., 1999). Interestingly, permeability increases and axonal transport impairment was 
shown to occur in distinct populations of axons following the impact acceleration injury 
to rat (Stone et al., 2004). Moreover, axonal transport impairment was shown not to 
require NF compaction (Saatman et al., 2003; Stone et al., 2001), ruling out the 
hypothesis that NF compaction is the cause of transport impairment. The plasmalemma 
of the soma is also subject to mechanoporation, increasing the heterogeneity of the 
cellular response to traumatic injury (Singleton and Povlishock, 2004). A recent study 
investigated the time course of DBI-induced mechanoporation by introducing different 
permeability markers pre- and post-injury and demonstrated membrane resealing. 
Surprisingly, calpain activity correlated neither with necrotic morphology nor with 
mechanoporation (Farkas et al., 2006). It should be noted, however, that this study used 
permeability markers with 10kDa molecular weight. Mechanoporation, the initiating 
event of the neuropathological sequelae, was shown to be reversible following DAI in 
vivo (Farkas et al., 2006), suggesting that repairing the plasmalemma is a valid 
therapeutic target for mitigating the effects of mechanical traumatic injury. 
 
In parallel with the increase in permeability, an acute increase in [Ca2+]i was reported 
following injury (Geddes and Cargill, 2001; LaPlaca et al., 1997; Lusardi et al., 2004). 
Peak [Ca2+]i following in vitro stretch injury was both magnitude and rate dependent and 
these worked in a synergistic manner (Geddes and Cargill, 2001). Ca2+ is considered as 
the primary factor in the neuropathology of TBI; since it activates calpains which degrade 
several cytoskeletal proteins including spectrin, tubulin, microtubule-associated proteins 
(MAPs), and NF side arms (Billger et al., 1988; Johnson et al., 1991; McCracken et al., 
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1999). A more detailed discussion of post-injury increase in [Ca2+]i and calpain activity 
can be found in Section 3.1. 
 
Neuronal cytoskeleton (CSK) has been shown to undergo changes following TBI. NF 
sidearm compaction (Grady et al., 1993; Pettus and Povlishock, 1996; Povlishock et al., 
1997; Yaghmai and Povlishock, 1992)  and calpain mediated spectrin breakdown 
(Kampfl et al., 1997; Saatman et al., 1996b) were shown to occur following traumatic 
injury. Loss of NFs (Maxwell et al., 2003; Saatman et al., 1998), total tubulin (Serbest et 
al., 2007), MTs (Maxwell et al., 2003) and MAP-2 (Huh et al., 2003; Saatman et al., 
1998; Sieg et al., 1999) following injury was also detected in a variety of experimental 
models. It was also shown that loss of CSK proteins following TAI depended on axon 
diameter (Jafari et al., 1997). Collectively, these studies indicate that the CSK may be a 
downstream target for the induction of DAI following mechanoporation-induced Ca2+ 
influx.  
 
The formation of axonal swellings, termed axonal beads, is the morphological hallmark 
of DAI pathology (Povlishock and Christman, 1995). Axonal beads are the focal regions 
where the axonal diameter is increased and where the diameters of more proximal and 
more distal regions of the axon, called constrictions, are decreased (Ochs et al., 1997). 
Axonal beading was demonstrated in the traumatically injured human brain in myelinated 
fibers of white matter tracts (Adams et al., 1982; Gentleman et al., 1995; McCracken et 
al., 1999; Strich, 1961). Axonal beads are reflective of the accumulation of proteins and 
membrane-bound organelles, such as mitochondria, at multiple distinct locations along 
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the axon due to impaired axonal transport (Maxwell, 1996; Maxwell and Graham, 1997). 
Immunostaining of amyloid precursor protein, which is known to undergo fast axonal 
transport, localizes to axonal swellings in traumatically injured human brain (Blumbergs 
et al., 1995; Gentleman et al., 1995; Stone et al., 2004). Axonal transport is conducted 
through motor protein driven movement of cargo along axonal MTs (Coleman, 2005). 
Therefore, a direct relationship between axonal MT loss and bead formation is suspected. 
Sites of high MT loss correlated with the sites of axonal swellings, as determined by 
ultrastructural studies (Maxwell and Graham, 1997). After demonstrating the loss of MTs 
at the nodes of Ranvier and later at the axonal swellings in the mechanically injured 
neurons, Maxwell (1996) speculated that Ca2+ influx and corresponding calpain activity 
could be responsible for changes in the cytoskeletal structure. However, a recent study 
provided a contradictory evidence for this hypothesis by showing that the axons 
undergoing impaired axonal transport are not the ones with increased axolemmal 
permeability (Stone et al., 2004). 
 
2.1.3. Experimental Models of Axonal Injury 
A number of experimental models of TBI have been developed to enhance the 
understanding of the pathological mechanisms and investigate potential therapeutic 
agents. Due to heterogeneous nature of the human TBI, no single animal model can 
mimic the whole spectrum of neuropathology observed in TBI patients (McIntosh et al., 
1998). In order to reproduce the clinical sequelae of TBI, the experimental model is 
required to (i) be able to vary the injury severity; (ii) evoke a quantifiable and repeatable 
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response; and (iii) replicate the types of injury observed in human brain (Morales et al., 
2005).  
 
Experimental models that reproduce focal brain injury include weight drop model, 
controlled cortical impact model, and fluid percussion model. The weight drop injury 
model utilizes a free falling guided weight which hits the exposed dura of an anesthetized 
rodent and induces cortical contusions (Feeney et al., 1981). The controlled cortical 
impact injury model, involves a pneumatic impactor to deliver mechanical trauma to the 
exposed brain, thereby inducing contusions and hemorrhage (Dixon et al., 1991). The 
midline fluid percussion model produces brain injury by rapidly striking the dural surface 
with a fluid bolus (Hayes et al., 1987). Optic nerve stretch injury was developed to apply 
mechanical stretch to the myelinated, central nerve fibers and to study the pathological 
outcome in pure white matter. Load is applied along the longitudinal axis of the optic 
nerve with a short duration (20ms) via a sling, placed around the eye globe to transmit the 
force to the nerve (Gennarelli et al., 1989).  
 
Experimental models for reproducing diffuse brain injury include the impact acceleration 
model, the diffuse injury model, and the inertial acceleration model. The impact 
acceleration model, based on the weight drop model, uses a metal plate to distribute the 
load over the skull and enables a higher severity without fracturing the skull. The subject 
is placed on a piece of foam, whose spring constant controls the movement of the head 
(Marmarou et al., 1994). The impact acceleration model has further developed into the 
diffuse injury model where a pneumatic impactor replaces the dropping weight and a gel 
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filled base replaces the foam (Cernak et al., 2004). The inertial acceleration model is 
based on the acceleration and unrestricted motion of the head and induces widespread 
axonal damage in the deep white matter and coma in non-human primates (Gennarelli et 
al., 1982). Inertial acceleration model has recently modified to suit mini-pig, sheep, and 
rabbit (Morales et al., 2005). A recent experimental model that induces closed head 
diffuse brain injury in the rat by applying rapid head rotation in the coronal plane was 
shown to produce concussion-type injury (Fijalkowski et al., 2007). The lateral fluid 
percussion model produces brain injury by rapidly injecting saline into the cranium of the 
animal and reproduces the features of both focal and diffuse brain injuries (McIntosh et 
al., 1989).  
 
In vivo models of TAI have a number of limitations. Systemic responses to trauma, 
heterogeneous mechanical loading, inability to control extracellular environment, and 
inability to closely observe and assess cellular and molecular events that occur during and 
following injury are among these. Several attempts have been made to model neuronal 
injury in vitro to understand the molecular and cellular basis of traumatic injury. The 
controlled extracellular environment, the lesser complexity in mechanical loading, and 
the ability to observe cells before, during, and following injury are some of the 
advantages of using an in vitro injury model. Moreover, in vitro model systems provide a 
time- and cost-effective system to test potential therapeutic methods or agents.  
 
In vitro models of neuronal injury include compression pressure injury (Shepard et al., 
1991), rapid acceleration injury (Lucas and Wolf, 1991), membrane tearing injury (Regan 
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and Choi, 1994), uniaxial (Lusardi et al., 2004; Smith et al., 1999) and biaxial (Cargill 
and Thibault, 1996) stretch injuries, shear deformation injury (LaPlaca et al., 2005) and 
FSSI (LaPlaca et al., 1997). The rate and the magnitude of strain are essential features of 
the mechanical loading in TBI and were investigated by using a physical head model 
subjected to inertial acceleration injury (Margulies et al., 1990). Uniaxial stretch of axons 
by deflecting the constrained elastic membrane they are plated on caused axonal beading 
(Smith et al., 1999) and immediate [Ca2+]i increase in neurons (Lusardi et al., 2004). 
Using the same model, it has been shown that injury-induced persistent Ca2+ influx was 
through tetrodotoxin-sensitive Na+ channels (Wolf et al., 2001) and caused by proteolytic 
cleavage of the subunit of the channel protein (Iwata et al., 2004). Biaxial stretch of 
neurons induced immediate increase in [Ca2+]i, which was related to the magnitude 
(Cargill and Thibault, 1996) and the rate of the stretch in a synergistic manner (Geddes 
and Cargill, 2001). Using the same model, stretch-induced mechanoporation has also 
been shown to be dependent on the rate and the magnitude of the mechanical insult 
(Geddes et al., 2003a). A recent study has shown that the post-injury increase in [Ca2+]i is 
one order of magnitude higher in biaxial stretch compared to uniaxial stretch and could 
not be inhibited by channel blockers (Geddes-Klein et al., 2006a).  
 
FSSI has been applied to neurons by devices similar to spinning-disk viscometers. Using 
a parallel disk FSSI model, neuron-like NT2 cells has been shown to undergo 
mechanoporation-induced, rate-dependent acute [Ca2+]i increase (LaPlaca et al., 1997). 
Since shear stress varies with the distance from the center of the disk, the cellular 
response has been heterogeneous. To overcome this problem, a cone-and-plate based 
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shear stress device that was originally developed for endothelial cell stimulation and that  
applies uniform shear stress over the monolayer was used (Blackman et al., 2000). Cone-
and-plate injury device has been used with higher shear rates to injure neuron-like PC2 
cells via mechanoporation (Serbest et al., 2005). In another shear stress injury model, 
neuron-like PC12 cells have been injured by horizontal oscillation (Nakayama et al., 
2001). Using organotypic culture systems is a more sophisticated approach to model 
neuronal injury in vitro. Mechanoporation has been observed after biaxial stretch injury 
to rat coronal brain slices (Morrison III et al., 2000). In rat brain slices subjected to 
inertia-driven shear deformation, neuronal death has shown to increase with higher 
loading rates (Bottlang et al., 2007). In primary cortical neurons distributed throughout a 
bioactive matrix shear deformation injury resulted in cell death in a loading rate 
dependent, heterogeneous manner (Cullen and LaPlaca, 2006). In the current study, the 
cone-and-plate based shear device (Blackman et al., 2000) was used for the delivery of 
the injury to cultured primary neurons. Cultured neurons have a lower attachment 
threshold compared to PC2 cells previously subjected to same injury type (Serbest et al., 
2005). 
 
2.1.4. Cell Membrane Repair by Poloxamer 188 
Poloxamer 188 (P188) is a nontoxic, nonionic, tri-block amphiphilic co-polymer (MW: 
~8400) consisting of a central hydrophobic polyoxypropylene (POP) molecule that is 
flanked on both sides by two hydrophilic chains of polyoxyethylene (POE) (Figure 2.1). 
Having various clinical applications as a surfactant (Moghimi and Hunter, 2000), P188 
was shown to be capable of sealing permeabilized cell membranes (Lee et al., 1999; 
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Maskarinec et al., 2005). Plasma membrane repair is an external Ca2+- dependent 
exocytotic process that involves vesicle delivery, docking and fusion (Togo et al., 2000). 
Artificially decreasing the membrane surface tension with P188 led to an increase in 
resealing rates, even when the exocytosis was blocked (Togo et al., 1999). Two 
mechanisms were suggested to explain how P188 promotes resealing: (1) by lowering the 
surface tension of the cell membrane (Sharma et al., 1996); and (2) by inserting into the 
lipid bilayer of the cell membrane (Baekmark et al., 1997). Chemical microstructure of 
the amphiphilic co-polymers was shown to determine its membrane disturbing ability 
such that the flip-flop rate in the vesicle membranes increased with increasing POP size 
and decreasing POE size (Demina et al., 2005). Interestingly, P188 which has a relatively 
small POP core and relatively large POE flanks did not increase the flip-flop rate 
(Demina et al., 2005). P188 was shown to insert into lipid monolayers and be squeezed 
out when the membrane is restored (Maskarinec et al., 2002).  
 
Repair of cell membranes by P188 has been demonstrated in several in vitro and in vivo 
model systems. P188 repaired membranes of electroporated skeletal muscle cells (Lee et 
al., 1992) and provided functional recovery (Collins et al., 2007). Membrane integrity of 
these cells was also maintained by P188 following high levels of ionizing radiation 
(Greenebaum et al., 2004; Hannig et al., 2000). P188 corrected stretch-related 
permeability dynamics in cultured dystrophin-deficient cardiac myocytes and blocked 
acute cardiac failure in dystrophic mice (Yasuda et al., 2005). Using cultured 
hippocampal and cortical neurons, P188 was shown to save neurons from excitotoxic or 
oxidative stress-related necrosis as well as from electroporation by inserting into the 
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membrane and blocking membrane peroxidation (Marks et al., 2001). P188 was also 
reduced neuronal loss in excitotoxic rat brain induced either by quinolinic acid (Curry et 
al., 2004a; Curry et al., 2004b) or by glutamate (Frim et al., 2004). In a rat brain 
hemorrhage model, a single administration of P188 reduced early neuronal loss and the 
daily administration of P188 produced long-term neuroprotection (Cadichon et al., 2007). 
 
The neuroprotective effect of P188 was also studied in the context of mechanically-
induced neuronal injury. When introduced subcutaneously 6 hours after severe 
compression injury to guinea pig spinal cord P188 was able to maintain anatomic 
integrity of the cord and to restore functional and behavioral outcome (Borgens et al., 
2004). Dogs with compression spinal cord injury reflected improved neurological 
outcome when treated with P188 (Laverty et al., 2004). During neuronal transplantation 
of fetal dopaminergic cells, the cells undergo mechanical injury due to preparation and 
implantation processes. P188 was able to protect cells from mechanical injury and 
improved the survival rate and reinnervation of implanted cells (Quinn et al., 2007). In a 
fluid shear stress injury model to cultured neuron-like PC2 cells, P188 was found to 
recover injury-induced necrosis and apoptosis via repairing their membranes, assessed by 
the release of LDH (Serbest et al., 2005; Serbest et al., 2006). Collectively, these findings 
suggest that post-injury introduction of P188 to neurons can be a promising treatment 
strategy for TBI, for its ability to reseal mechanically-induced axolemmal pores and 
subsequently interrupting the injury sequelae.  
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2.1.5. Hypothesis and Summary of Experiments 
DAI is believed to be initiated at the instant of injury by the mechanical forces acting on 
the axolemma causing a transient permeability increase. Increase in turn causes acute 
increase in [Ca2+]i and subsequent activation of calpains. Degradation of MT tracts by 
calpain leads to axonal transport impairment and accumulation of membrane-bound 
organelles at distinct location along the axons, termed axonal beads. Post-injury P188 
introduction is hypothesized to block these neuropathological sequelae by repairing the 
axolemma. This hypothesis is depicted in Figure 2.2.  
 
To test this hypothesis, an in vitro fluid shear stress injury paradigm is applied to cultured 
primary neurons. This model applies uniform fluid shear stress with a high onset rate, 
similar to those involved in real-life brain trauma situations. To demonstrate that 
mechanical injury induces axonal bead formation phase contrast microscopy was 
conducted. A set of image analysis programs was written for the quantification of axonal 
beading. To test whether the observed axonal swellings are similar to axonal beads 
observed in vivo, organelle staining was conducted. To understand the causal relationship 
between cytoskeletal alterations and axonal bead formation, immunocytochemisty 
techniques were applied to injured neuron culture. A fluorescent tracer, which is normally 
excluded from the cytoplasm, was used to test whether mechanical injury induces 
mechanoporation. The hypothesized ability of P188 to block mechanoporation and 
mechanoporation-induced axonal bead formation, P188 was introduced to injured 
neurons. 
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2.2. MATERIALS AND METHODS 
2.2.1. Cell Culture 
In order to understand the neurobiological sequelae of the mechanical traumatic injury 
cultured primary neurons were used. Chick forebrain neurons (CFN) are easy to harvest 
and fully develop their axons within 2-3 days in vitro, providing an affordable and 
efficient primary neuron culture (Figure 2.3). Embryonic day 8 CFNs were harvested, 
dissociated and plated on German glass coverslips (Bellco Glass, Vineland, NJ) at a 
concentration of 1.5×104 cells·cm-2 (Heidemann et al., 2003). Briefly, the dissection and 
dissociation procedure is as follows: The embryo is taken out of the egg and decapitated 
without delay. Meninges were removed and the two forebrain lobes were separated cut 
out from the rest of the brain. During the process, the tissue was kept wet with F12H-S10, 
a HEPES buffered, supplemented Ham's F12 medium (F12H; Invitrogen, Carlsbad, CA) 
containing 10% fetal bovine serum (FBS; Mediatech, Herndon, VA). After removing the 
blood vessels, lobes were minced into small pieces (80-100 pieces per half forebrain) and 
stored in calcium and magnesium free phosphate buffered saline (PBS; Mediatech). After 
a brief centrifuge, the pellet is suspended in F12H-S10 and trituration mechanically, 
followed by a 5 min centrifugation. Cells were suspended in 0.1% trypsin in PBS and 
incubated at 37ºC for 8 min, shaken every 2 minutes. The last minute of trypsin treatment 
is the centrifugation. The pellet is suspended in F12H-S10 to deactivate trypsin and 
centrifuged for 5 min. Neurons were suspended in culture medium prior to plating. 
Neurons were counted with a hemacytometer (Reichert, Buffalo, NY). CFNs do not 
survive on plain glass surface due to high contact angle of the untreated surface with the 
culture medium. To ensure proper attachment coverslips were coated with 0.1 mg/ml 
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poly-DL-lysine (Sigma, St. Louis, MO) in sodium borate buffer and rinsed 3× with PBS. 
In experiments involving phase contrast microscopy and post hoc immunocytochemisty 
analysis, indexed coverslips (Bellco) were used to track individual neurons. Indexed 
coverslips were treated with ethylamine solution to promote attachment. Coverslips were 
treated with 1N NaCl for 30 min at room temperature, washed twice with distilled, 
deionized H2O (dH2O) and treated with a solution containing 4% 2-[2-(3-Trimethoxy-
silyl-propyl-amino)-ethylamino]-ethylamine (Sigma), 91% 1mM acetic acid (Sigma) in 
methanol, and 5% dH2O for 60 min at room temperature and washed three times with 
dH2O (Geddes et al., 2003a). Medium 199 (M199; Invitrogen) containing 10% N9 
supplement solution, 10% FBS, and penistrep was used as the culture medium. Neurons 
were incubated with 5% CO2 at 37ºC while the medium was changed every other day. 
F12H containing medium additives, Na+-Pyruvate, penicillin/streptomycin and L-
Glutamine, was used as experimental medium because of its CO2 independency. 
 
2.2.2. Experimental Procedure 
The controlled shear stress device is based on a cone-and-plate viscometer and applies 
uniform shear stress over the coverslip area through the controlled rotation of the cone 
(Blackman et al., 2000). A schematic drawing of the device is shown in Figure 2.4. Prior 
to the experiment the coverslip is placed on the plate and held in position by vacuum 
suction. As the cone is slowly lowered towards the plate, the experiment medium fills the 
space between the cone and the plate. When used with high onset rates the rotation of the 
cone induces FSSI in the neural culture (Serbest et al., 2005). A shear impulse of 45 
dyn·cm-2 with 20 ms onset time was used to induce FSSI (resulting in an onset rate of 
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2250 dyn·cm-2·s-1). Sham (uninjured) controls underwent the exact protocol except 
without the cone rotation. A stage heater (NevTek, Burnsville, VA) maintained constant 
temperature (37°C) during the experiment. Images were taken with an inverted Nikon 
Diaphot Eclipse TE300 microscope (Optical Apparatus, West Chester, PA). In 
experiments testing the effect of P188 treatment, P188 (Pluronic acid F-68, Sigma) was 
dissolved in the experimental medium and applied to neurons 5 min post-injury with a 
final concentration of 100µM. 
 
2.2.3. Measurement of Axonal Beading 
In order to be able to track individual neurons over extended periods of time during 
phase-contrast microscopy and also after fixation and immune-staining, indexed 
coverslips were used. These coverslips contain index boxes (squares with 300µm edge 
length) that have number marks. The markings are not on the surface of the glass 
coverslip and do not effect the axonal growth. 7-8 neurons were imaged per coverslip 
within 5 min. The neurons to be imaged were not selected randomly. An isolated cell 
body, with a single axon that was not degenerating was considered for imaging. Any 
axon that had connections with too many other axons was not considered for imaging. 
Images were obtained before and 5, 20, and 60 min after the injury. To quantify axonal 
beading, individual beads that emerged following injury were counted and normalized by 
the length of the axon. A swollen area along the axon was considered a bead when its 
diameter exceeded twice the axon diameter. Especially in the case of small beads, to 
judge whether a swelling is a bead is not a trivial procedure for the human observer. Also, 
simply counting the beads does not give a quantified measure of the bead sizes; it is very 
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important to know whether beads grow larger during the post-injury period. Manual 
counting is subject to observer bias and can provide inconsistent results due to 
differences in lighting conditions, presence of pattern marks of the coverslip, and local 
concentration of the neurons. To eliminate potential observer bias and obtain a sensitive 
yet robust quantification method a number of Matlab-based (MathWorks, Natick, MA) 
interactive image analysis programs were developed. Also to investigate the relationship 
between bead locations and the axonal MT structure a set of Matlab programs were 
created to interactively analyze MT staining intensity and to determine the extent of co-
localization of the abnormalities in the MT structure and the beads.  
 
Image analysis algorithms are not uncommon in neuroscience research (Ascoli, 2006; 
Goto and Goto, 2006). To classify neuron types in the rat brain, image-based methods 
have been developed to quantify morphological parameters such as soma shape and 
number of main dendrites (Masseroli et al., 1993). The majority of the neuronal 
morphometric analyses have been conducted to elucidate complex structure of the 
dendrites and dendritic spines (Ascoli, 2002). Methods have been developed to classify 
dendrite branching in cat retinal ganglion cells (Jones and Jelinek, 2001) and in 
pyramidal neurons of the monkey (Weaver et al., 2004), as well as to compare dendritic 
structure, spine geometry and branching patterns in normal and pathological human brain 
(Wearne et al., 2005).  
 
Axonal morphometry was extensively studied in histological sections of peripheral 
nerves. A semi-automated method has been developed to determine axon diameter and 
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myelin thickness in normal and pathological human superficial peroneal nerves (Torch et 
al., 1989). The number and the area of axons in rabbit motor and facial nerves have been 
analyzed by semi-automatically cleaning artifacts using Adobe Photoshop and 
automatically detecting particles using ImageJ image analysis software (Urso-Baiarda 
and Grobbelaar, 2006). Axon and myelin areas have been analyzed in electrically-
stimulated cat sciatic nerve by combining automated and manual methods (McCreery et 
al., 1997) and in toxically-induced rat peripheral neuropathy by using customized macros 
in ImageJ (Lehning et al., 2000; LoPachin et al., 2003). Customized routines have also 
been established in Metamorph software to determine the number of axons per cell body 
and branching characteristics of cultured peripheral sympathetic neurons (Klimaschewski 
et al., 2002). In vivo (Calvet and Calvet, 1984; Gomes-Leal et al., 2002) and in vitro 
(Petite and Calvet, 1997) morphology of central neurons have been characterized using 
semi-automated methods. However, none of these methods are suitable to detect axonal 
beading morphology, for it involves local changes along the length of the axon. The 
image analysis algorithms will be described in detail in Section 2.2.4 and the program 
codes will be given in Appendix A. 
 
2.2.4. Axonal Beading Quantification Program 
The input file for axonal beading quantification program beading.m is a 480×640 8-bit 
grayscale (pixel values range from 0 to 255) image. This program returns the length and 
the average radius of the axon (before filtering) and the ‘beading vector’ that contains 
location and size information of individual axonal beads. Beading.m runs a number of 
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subroutines, some of which are interactive. The flowchart of beading.m is shown in 
Figure 2.5.  
 
Beading.m assigns the pixel values of the input image to the two-dimensional matrix 
‘rawImage’. ‘RawImage’ is then sent to cleanup.m for the interactive process of 
removing unrelated objects from the image. On patterned coverslips, axons usually 
traverse index numbers or the peripheries of the index boxes. Although these lines are not 
on the same plane with the neuron, they create contrast and need to be removed from the 
image. Cleanup.m runs an interactive loop where the Matlab function ‘roifill’ fills in 
user-specified polygons by interpolating inward from the pixel values on the boundary of 
these polygons (The Mathworks, 2004). Once the user is satisfied with the cleaned image, 
Matlab function ‘imcomplement’ creates a complement (pixel values subtracted from 
pure white) image. The complement image is then sent to thresholding.m that runs an 
interactive loop where the image is transformed to a black-and-white (BW) image (a 
binary matrix of the same size). First, the gray level of the image is calculated using 
Matlab function ‘graythresh’; then Matlab function ‘im2bw’ converts the grayscale image 
to BW image to be displayed. The user is asked to change the gray level to assure that the 
BW image contains all neuronal segments. Once the user is satisfied with the thresholded 
image, the image is sent to selector.m, which runs another interactive loop where the user 
picks white areas that belong to the neuron. The user aims to exclude non-neuronal areas 
from the BW image; however due to the variations in the pixel value of the neuron in the 
grayscale image, the BW axon is usually segmented. Selector.m utilizes Matlab function 
‘bwselect’ that returns a binary image of the white objects that are adjacent to the user-
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selected pixels (The Mathworks, 2004). These objects are collected in a temporary binary 
image until the user is satisfied with the selection. The next step is filling the gaps 
between selected segments of the neuron. Filling.m runs an interactive loop that utilizes 
the intrinsic dilation and erosion functions of Matlab to provide connectivity to the 
neuron. Here the user is asked to pick pixels to fill the gaps between separate segments. 
These pixels are then added to the image before Matlab functions ‘imdilate’ and 
‘imerode’ are run. Filling.m returns a binary image that represents the neuron as a single 
white object on black background. This image is stored in the hard disk under the name 
‘Filled Image’.  
 
‘Filled Image’, the binary representation of the neuron, is then sent to the subroutine 
trimming.m, where the so-called “spine” of the neuron is created and trimmed to contain 
the axon alone. ‘bwmorph’ is a Matlab function that applies morphological changes to 
binary images. When used with the argument ‘thin’ and when the number of repetitions is 
not limited, this function returns the spine of the neuron (The Mathworks, 2004).  The 
spine consists of connected lines that remain when the neuronal area is shrunk to single 
pixel thickness. Since the spine contains lines that represent the soma and the axon 
branches, further processing is required. In an interactive manner, the user is first asked 
to select those pixels that are to be discarded and then to select a pixel on the desired 
portion of the spine. The subroutine spine.m creates the spine vector S that contains the 
indices of the pixels that make up the axon spine.  
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The subroutine beadcount.m takes ‘Filled Image’ and the spine vector S as inputs and 
returns the beading matrix Zbead as output. The flowchart of beadcount.m is shown in 
Figure 2.6. Vector O contains the numbers that correspond to areas of circles with radii 
from 1 to 10. For each point along the spine, a circle whose radius varies from 1 to 10 is 
created (makedisk.m) and superimposed with the neuron image (overlap.m). For each 
point along the spine, the radius of the largest circle that is overlapped by the neuronal 
area more than 85% is recorded to the beading vector Z. Therefore, Z
 
contains bead radii 
(or half the thickness of the axon if there is no bead) for each point along the axon spine. 
Since not all the values stored in Z necessarily correspond to an axonal bead, a filtering 
step was required to distinguish beads from the rest of the axon. The subroutine 
beadfilter.m filters out all pixels whose radius is smaller than twice the average radius 
value of the entire spine. This function also eliminates the points in close proximity to a 
local maximum (i.e. if a pixel has a radius of 6, next pixel is discarded if its radius is ≤ 5 
and the further next pixel is discarded if its radius is ≤ 4 and so on). Filtered beading 
vector Z’
 
is saved to the hard disk. Finally, the subroutine beadcategorize.m categorizes 
beads with respect to their size and returns the category vector C that counts the number 
of pixels for each radius value from 1 to 10. 
 
The image-analysis part of the axonal beading quantification program receives an 
intensity image and delivers the axon length L, the unfiltered and filtered beading vectors 
Z and Z’, and the category vector C. Use of these vectors can be adjusted according to the 
purpose of the analysis. We used Microsoft Excel (Microsoft Corp., Redmond, WA) 
software to obtain a single number to represent the “beading state” for each axon. The 
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difference in these calculated “beading numbers” for the same axon pre-injury and at 60 
min post-injury is considered as the increase in beading and used in statistical analyses. 
The “beading number” is calculated by 
Beading number = ( )∑
=
⋅⋅
10
1
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, 
where i is the bead radius, ni is the number of beads with size i, read from vector C, and L 
is the length of the axon in pixels. Taking 3rd power of bead size weights the contribution 
of each bead by its volume, providing a better representation of the beading of an axon. 
 
To demonstrate the actual computational process, a sample run for the beading 
quantification program will be presented here: Beading.m reads the image file from 
memory and assigns the pixel values to the ‘rawImage’ (Figure 2.7A). Cleanup.m 
interactively removes unrelated objects from the image (Figure 2.7B). The complement 
image is created (Figure 2.7C). Thresholding.m interactively transforms the image to a 
black-and-white (BW) image according to the parameter entered by the user (Figure 
2.7D). Selector.m helps the user pick white areas of the BW image that belong to the 
neuron (Figure 2.7E). Filling.m interactively adds pixels to the selected areas to provide 
connectivity for the neuron, returning an image where the neuron is a single white isle on 
black background (Figure 2.7F). Trimming.m calculates the spine of the neuron (Figure 
2.7G) and interactively isolates the axonal portion of the spine (Figure 2.7H). Figure 2.7I 
shows the BW image of the filled neuron along with the super-imposed axon spine. 
Beadcount.m calculates the beading vector Z
 
using the novel algorithm explained in the 
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‘program descriptions’ section. Z
 
is filtered using beadfilter.m (becomes Z’) and axonal 
beads are categorized according to their size by beadcategorize.m.  
 
2.2.5. Visualization of the Cytoskeleton 
Simultaneous fixation and extraction method was used to fix neurons at 20 and 60 min 
post-injury (Gallo and Letourneau, 1999). This method allows fixing MTs while 
extracting free tubulin out of the axoplasm (Figure 2.8). Experimental cultures were fixed 
with 0.5% Glutaraldehyde (Sigma) and 1% Triton X-100 (Sigma) in PHEM buffer (pH = 
6.5) for 15 min at room temperature and stored in PBS at 4°C until further processing. 
Fixed cultures were treated with 2 mg/ml sodium borohydride (Sigma) and stained to 
reveal tubulin with FITC-conjugated DM1A anti-tubulin (1:100, Sigma) and actin 
filaments with rhodamine phalloidin (5:100, Invitrogen). Images were acquired using a 
Zeiss 200M microscope (Zeiss, Gottingen, Germany) and captured with AxioVision 
software (Zeiss). The variation in axonal MT mass along the axon, measured by tubulin 
staining intensity, was quantified with a Matlab-based, interactive image analysis 
program as described Section 2.2.4. 
 
2.2.6. Co-localization Analysis Program 
Co-localization analysis for an axon is done by the program coloc.m that uses the beading 
data obtained from beading.m and the MT intensity data obtained from the MT intensity 
analysis program MT.m. We obtained MT staining images as 1008×1280 RGB files and 
converted these images to the standard 480×640 8-bit grayscale images using Adobe 
Photoshop (Adobe Systems Inc., San Jose, CA). MT.m reads the converted image file 
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from the memory and assigns the pixel values to the ‘raw image’. As in the beading 
analysis program, the raw image is cleaned using cleanup.m and transformed to a BW 
image using thresholding.m. Neuronal images were selected using selector.m and the 
connectivity of the neuron is assured using filling.m. The spine is created and trimmed to 
reveal the axon using trimming.m. Getvalue.m reads the intensity values of the raw image 
at each pixel of the spine and records them to the intensity vector V. The flowchart of 
MT.m is shown in Figure 2.9.  
 
To what extent beads co-localize with MT minima is determined by running the program 
coloc.m. This program uses the beading vector Z
 
and intensity vector V as input and 
returns the co-localization matrix. The flowchart of coloc.m is shown in Figure 2.10. As 
explained in the “Methods and Theory” section, phase contrast images are taken at 
designated time points following injury. Extraction, which removes the membrane during 
fixation of neurons, is required for detection of MTs independent of soluble tubulin. 
Removal of the membrane makes it impossible to use a later phase-contrast image for 
morphological analysis. Therefore, the phase contrast image that is used for determining 
Z and the fluorescent image that is used for determining V contain the same neuron with 
different orientations. Also, in some cases, the neuron can only be imaged using more 
than one microscope frame. If there are more than one phase contrast image for a neuron, 
beading vectors are joined into a single vector using attacher.m. Similarly, the intensity 
vectors that belong to the same axon are joined into a single intensity vector. The 
subroutine find_an.m extrapolates the shorter vector to the size of the longer vector and 
for every bead it calculates the average intensity value of the pixels within the bead 
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diameter (e.g. pixel #16 is assigned the average intensity of pixels from #13 to #19, if its 
bead size equals to 3). During image processing, interactive operations may result in a 
shift between beading and intensity vectors. Also, the direction of spine might be 
opposite in these vectors due different orientations in the raw images. Find_an.m 
optimizes relative positioning and corrects vector directions if necessary using the output 
of the subroutine cumulratio.m. The goal of the optimization is to maximize 
( )( ) ( )( )∑
=
n
i
iViZ
1
3 / , 
where Z
 
is the beading vector, V is the intensity vector and n is length of the axon in 
pixels. A potential drawback exists since the target of the optimization favors our 
hypothesis that beads co-localize with MT losses. To overcome this drawback, we have 
limited the range of positioning to 10% of the length of the axon such that the program 
can position the two images without significantly altering the outcome. Once the 
positioning and directionality is optimized, bead radius and intensity of those pixels that 
have a significant bead size is retained. Coloc.m returns a matrix that contains position, 
bead size, intensity, and average intensity (within bead diameter) values for all significant 
beads. 
 
2.2.7. Organelle Staining 
In order to verify that the beads seen in vitro contain accumulated organelles like the 
beads observed after in vivo TAI organelle staining was conducted in post-injury CFNs. 
3,3'-dihexyloxacarbocyanine iodide (DiOC6(3), Invitrogen) stains membrane-bound 
organelles if used in low concentration (Dailey and Bridgman, 1989). Fixed sham and 
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experimental cultures were treated with 2.5 µg/ml DiOC6(3) for 2 min and fluorescently 
imaged. In separate experiments, injured neurons were stained with mitochondrion 
specific MitoTracker-Green dye (Invitrogen). Neurons were exposed to 5 nM 
MitoTracker for 60 min before fluorescent imaging. Imaging was conducted at 
designated time-point after the injury. Neurons were also exposed to 5 µM CellTracker 
Red (Invitrogen), a non-specific cytoplasmic stain, for 30 min. This dye allowed 
visualization of neurons using epifluorescence while the opaque cone was kept in place. 
 
2.2.8. Assessment of Permeability 
The axolemma is impermeable to Lucifer yellow ammonium salt (LY, MW = 480Da, 
Invitrogen), enabling us to assess membrane permeability by determining the amount of 
LY trapped in the axoplasm following injury. Neurons were injured in LY-containing 
experimental medium (final concentration 20 µg/ml) and fixed with glutaraldehyde 
(5µl/ml in PBS) 10 min after experimentation. Fixed cultures were first treated with LY-
specific antibody (2:100, Invitrogen) followed by FITC-conjugated goat anti-rabbit 
(1:200; Sigma) as the secondary antibody. Axoplasmic LY content was determined by 
averaging staining intensity along the axon and subtracting average background from this 
value. 
 
2.2.9. Statistical Analysis 
Data were expressed as mean ± standard error of the mean (SEM). Statistical analysis 
was performed using single way analysis of variance (ANOVA), followed by Tukey’s 
post hoc test to determine significance values between different experimental groups. 
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2.3. RESULTS  
2.3.1. Injury Induces Axonal Beading and Leads to Neuronal Death 
Fluid shear stress injury (FSSI) was applied to chick forebrain neurons at 4-6 days in 
vitro. Axonal bead formation was detected in injured neurons using live imaging (Figure 
2.11A). Axonal beads were usually present in low amounts in sham and incubator 
controls, likely reflecting packets of axonal transport observed in healthy neurons 
(Koenig et al., 1985). Bead formation started as early as 5 min post-injury throughout the 
length of the axon, whereas the majority of beads formed after 20 min. The size and the 
number of beads increased gradually in injured neurons while the axon became thinner 
and completely fragmented by 24 hours following injury. Images taken before injury and 
5, 20 and 60 min after the injury were analyzed for quantifying bead formation. Axonal 
beading, expressed as the number of beads per 100 µm axon length, showed a significant 
increase over time for the injury group. Beading was significantly higher in injured 
neurons compared to sham controls at all time points (Figure 2.11B).  
 
2.3.2. Beads Contain Membrane-bound Organelles 
In order to determine whether beads induced by FSSI are similar to axonal beads that 
form during DAI in vivo (Gaetz, 2004) we determined whether membrane-bound 
organelles, including mitochondria, accumulated in FSSI-induced axonal beads. Two 
staining procedures were used. 3,3'-dihexyloxacarbocyanine iodide (DiOC6(3), 
Invitrogen) stains membrane-bound organelles if used in low concentrations (Dailey and 
Bridgman, 1989). Fixed sham and experimental cultures were treated with 2.5µg/ml 
DiOC6(3) for 2min and fluorescently imaged. DiOC6(3) was uniformly distributed along 
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the axons of sham controls but concentrated at the beads in the injured axons (Figure 
2.12). Neurons were stained with 10nM MitoTracker Green (Invitrogen), a 
mitochondrion-specific dye, for 60 min. MitoTracker revealed mitochondria distributed 
along axons of sham controls. However, in the injured neurons, mitochondria were 
concentrated at distinct locations that co-localized with axonal beads (Figure 2.13). 
 
2.3.3. Axonal Beads Co-localize with Local Cytoskeletal Changes 
Axonal transport of membrane-bound organelles is largely conducted over MTs 
(Coleman, 2005). Accumulation of organelles at distinct locations along the axon during 
bead formation is likely to be indicative of an impairment of axonal transport. We 
investigated whether FSSI-induced axonal beading was related to changes in cytoskeletal 
organization by staining MTs and actin filaments (F-actin) (Figure 2.14). For these 
experiments, cultures were simultaneously fixed and extracted, an established protocol 
that removes soluble tubulin but preserves MTs thereby allowing quantitative analysis of 
MT mass independent of soluble tubulin in axon (Gallo and Letourneau, 1999). In sham 
controls, MTs exhibit the characteristic bundled appearance in the central shaft of the 
axon, whereas F-actin is found throughout the neuron (Figure 2.14A). FSSI did not affect 
total MT levels during the post-injury period (at 40 and 60 min post-injury; n = 15 for 
injury, n = 21 for sham; p = 0.49). However, examination of individual axons revealed 
that the presence of beads was related to local decreases in axonal MT staining (Figure 
2.14C). 85% of axonal beads co-localized with local MT discontinuities and this ratio 
was similar for uninjured (88%; n = 129) and injured (88%; n = 118) cultures. The 
observation that axonal beads form at sites along the axon that exhibit decreased MT 
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content in both injured axons, and along control axons with naturally occurring beads, 
indicates that in these neurons bead formation correlates with the localized disruption of 
the MT cytoskeleton. The effects of pharmacological microtubule depolymerization on 
axonal morphology was determined by treating cultures with the microtubule 
depolymerizing drug vinblastine (20 µM) and imaging neurons before and 30 to 60 min 
following treatment. Vinblastine induced bead formation, indicating that decreases in 
microtubule mass results in axonal bead formation (Figure 2.15A). These findings 
indicate that FSSI results in local disruption of microtubules, reorganization of the actin 
cytoskeleton, and co-localized axonal bead formation. In addition, sites of bead formation 
correlated with increased levels of F-actin (Figure 2.14B and Figure 2.15B). These 
findings indicate that FSSI results in local disruption of MTs, reorganization of the actin 
cytoskeleton, and co-localized axonal bead formation. 
 
2.3.4. Image Analysis Programs Detect Axonal Beading and Co-localization 
A comparison of the beading numbers calculated by counting beads manually and by 
using beading quantification program was made to test whether the image analysis 
program was successfully detecting axonal beading. Change in the beading number 
during post-injury period, a measure that produced significant differences among 
experimental groups, shows a correlation of the values determined by the two methods 
(Figure 2.16).  
 
A sample co-localization analysis was conducted to demonstrate the ability of this 
program to detect spots where axonal beads co-localize with focal MT disruptions. The 
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phase contrast image (Figure 2.17A) and the MT staining image (Figure 2.17B) of the 
sample injured neuron were obtained using the methods described in Sections 2.2.3 and 
2.2.5. For demonstration purposes, both images were rotated and cropped to isolate the 
neuron from the rest of the image and to achieve similar orientation. Coloc.m reads Z’ 
and V vectors and assigns them to the 2nd and 3rd columns of the co-localization matrix. 
The program then assigns the average intensity of pixels within the bead diameter to the 
4th column of the co-localization matrix. Beading numbers and MT intensities of pixels 
(4th column) are plotted along the sample axon before filtering and optimization (Figure 
2.18A).  
 
We tested coloc.m for its ability to detect co-localization by comparing MT loss at bead 
locations and at random locations along the axon. For each bead, we compared the 
intensity of the bead region with the intensity of the adjacent proximal region (towards 
cell body). Also, to have a baseline, we compared intensities of randomly selected 
regions with the intensities of adjacent proximal regions. For beads with radii greater than 
three, our program detected a significant intensity loss compared to a randomly selected 
axonal region of the same length (Figure 2.19). Therefore, the cut-off number (bead 
radius) to eliminate insignificant beads is determined as four. The sample axon is plotted 
after filtering of Z and positional and directional optimization of V (Figure 2.18B). Pixels 
with high bead radii are associated with significant decreases in the MT staining 
intensity, demonstrating a correlation between beading and focal disruption of MTs. 
Also, there exists a gradual decrease in the MT intensity from the cell body towards the 
tip of the axon (Figure 2.18). 
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2.3.5. P188 Restores Axolemmal Integrity and Reduces Axonal Beading 
An initial compromise in axolemmal integrity due to trauma-induced mechanoporation is 
hypothesized to be a primary cause of DAI (Gaetz, 2004). However, this hypothesis has 
not been explicitly tested. We therefore sought to determine if FSSI induces 
mechanoporation and whether P188 would be able to block it. To detect changes in 
axolemmal permeability, we injured neurons in the presence of cell impermeable, 
aldehyde-fixable Lucifer yellow (LY) dye. Cells were fixed 10 min post-injury and 
immuno-stained with an antibody against LY to amplify the signal of internalized LY. 
Injury groups had significantly higher axoplasmic LY, compared to sham controls 
(Figure 2.20), showing that FSSI increases axolemmal permeability. 
 
We next tested whether P188 can block the increase in permeability. Neurons were 
injured in the presence of LY, while P188 was introduced at 5 min and the cultures were 
fixed at 10 min following injury. This timing of P188 treatment was chosen since most of 
the beads emerged later in the post-injury period (Figure 2.11B). Post-injury P188 
treatment reduced internalization of LY by injured neurons (Figure 2.20B), indicating a 
rapid reversal of the trauma-induced permeability increase. 
 
In order to directly test the hypothesis that increased permeability is the cause of axonal 
beading, we investigated if P188 could block FSSI-induced axonal bead formation. 
Treatment with P188 blocked bead formation in response to FSSI (Figure 2.21). P188 
treated neurons also maintained their microtubule structure and did not exhibit focal 
disruption (Figure 2.21C). The image-based bead quantification program produced a 
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similar trend in axonal beading for different groups (Figure 2.22). These results indicate 
that post-injury P188 treatment maintains axolemmal integrity and inhibits axonal 
beading. 
 
2.4. DISCUSSION 
The mechanism of diffuse axonal injury (DAI) needs to be well understood for the 
development of therapeutic interventions. Axonal beading has been observed in 
postmortem human DAI (Adams et al., 1982; Blumbergs et al., 1995; Grady et al., 1993; 
Strich, 1961) and in in vivo injury models (Gennarelli et al., 1982; Maxwell et al., 1993; 
Maxwell, 1996; Saatman et al., 2003) making it the hallmark morphology of DAI. In vivo 
injury has been shown to increase membrane permeability and cause organelle 
accumulation in beads (Gaetz, 2004; Pettus et al., 1994). Our in vitro injury model 
mimics this morphology by applying mechanical trauma on cultured primary neurons. 
Therefore, our model provides a tool for studying mechanically induced DAI and for 
testing novel treatment strategies of traumatic brain injury (TBI) at the cellular level. 
Indeed, we demonstrate for the first time that preventing injury-induced increase in 
membrane permeability blocks the formation of axonal beads.  
 
The controlled cell shearing device provides a uniform shear stress distribution over the 
entire coverslip (Blackman et al., 2000), reducing the complexity of the outcome due to 
heterogeneous loading. The mechanical loading conditions required to injure cells in 
culture depend on cell morphology and the strength of attachment to the substratum.  In 
our earlier studies with neuron-like PC2 cells (Serbest et al., 2005; Serbest et al., 2006), 
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we could apply a peak shear stress levels up to 100 dyn•cm-2. However, in the current 
study, a peak shear stress of 45 dyn•cm-2 was sufficient to cause injury while allowing 
the forebrain neurons to remain attached to the substrate during the injury. This value is 
similar to the peak shear stress applied to NT2-T cells in a parallel plate shear stress 
injury model, where axonal beading was reported at 24h post-injury (LaPlaca et al., 
1997). During TBI, the shear stress that is applied on the individual neuron is complex 
due to the spatial organization of the focal contacts with the extracellular matrix. 
Therefore, in vitro models aim to mimic the structural consequences of the injury, such as 
mechanoporation and axonal death, rather than mimicking the shear stress levels, per se. 
 
Transport of membranous vesicles and organelles along axons is conducted via molecular 
motors associated with microtubules (Coleman, 2005). Therefore, post-traumatic 
impairment of axonal transport following TBI is likely related to changes in the axonal 
microtubule structure. Localized and rapid loss in microtubule mass, accompanied by 
organelle accumulation, has been shown at axonal beads along undisrupted axons 
following in vivo injury (Maxwell, 1996). Moreover, there was 70% loss in the number 
of microtubules in axonal swellings at 4h post-injury (Maxwell and Graham, 1997). It is 
remarkable that our in vitro model mimics the localized disruption of the microtubule 
array observed in vivo; suggesting that mechanoporation of the plasma membrane is the 
primary cause of axonal bead formation in vivo and in vitro. Furthermore, we observed 
selective accumulation of organelles at sites of microtubule disruption, suggesting a 
direct link between deficits in the microtubule array and organelle accumulation.  
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Other elements of the axonal cytoskeleton are also susceptible to mechanically-induced 
injury. F-actin plays an important role in docking transported mitochondria at various 
sites along the axon (Hollenbeck and Saxton, 2005). We have shown the accumulation of 
F-actin at axonal beads suggesting that mitochondria might be trapped by the F-actin 
network at bead locations following their derailment from disrupted microtubule tracks. 
Neurofilaments, whose subunits have been shown to accumulate at axonal beads 6h 
following traumatic injury to human brain (Christman et al., 1994; Grady et al., 1993), 
could also be responsible for organelle accumulation at beads. However, no causal 
relationship was detected between neurofilament disruption and organelle accumulation 
(Saatman et al., 2003). Furthermore, a recent study suggested that the axons that display 
neurofilament compaction were not the ones that undergo impaired axonal transport and 
subsequent axonal beading (Stone et al., 2001). Therefore, microtubules appear to be the 
main cytoskeletal elements whose disruption results in axonal transport impairment 
leading to organelle accumulation. Indeed we could induce axonal beading by globally 
applying microtubule-depolymerizing drug vinblastine. 
 
The underlying mechanisms of heterogeneous microtubule disruption following traumatic 
injury are unknown. Membrane pump Ca2+-ATPase activity was shown to decrease 
heterogeneously following in vivo injury (Maxwell et al., 1995) suggesting non-uniform 
[Ca2+]i along the axon. Calpains, Ca2+-dependent non-specific proteases, are known to 
degrade tubulin, as well as other cytoskeletal proteins (Gaetz, 2004). Calpains might be 
heterogeneously activated in response to non-uniform [Ca2+]i leading to local 
microtubule disruption. Alternatively, certain locations of the microtubule array might be 
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more vulnerable to degradation due to differences in the local structure, resulting in local 
microtubule loss. Our in vitro model is well suited for high temporal and spatial 
resolution cellular studies and will provide an excellent experimental system to 
investigate these issues in the future.  
 
Traumatic injury increases membrane permeability (Farkas et al., 2006; Koob et al., 
2005; LaPlaca et al., 1997; Pettus et al., 1994; Serbest et al., 2005; Whalen et al., 2007). 
The increase in permeability is acute and correlates with the loading rate and magnitude, 
as well as the size of the tracer (Geddes-Klein et al., 2006a; Geddes et al., 2003a; LaPlaca 
et al., 1997). We found that FSSI in our model also increased membrane permeability 
demonstrated by Lucifer yellow dye entry into the cytoplasm. Moreover, we show that 
the membrane sealant Poloxamer 188 (P188) blocks the increase in permeability, 
supporting the hypothesis that the increased permeability is due to nonspecific membrane 
wounding, or mechanoporation. The finding that P188 reduces axonal beading via 
reducing membrane permeability demonstrates that mechanoporation is the initiating 
event in the formation of axonal beads in the in vitro model system. 
 
For a reagent to be useful in a therapeutic context, it has to be applied after the injury. In 
our in vitro model, majority of axonal beads form 20 min after the injury, restricting the 
application of P188 to the very beginning of the post-injury period. Hence, our timing of 
P188 treatment (5 min post-injury) is relevant for testing the therapeutic potential in such 
a fast progressing injury sequelae. However, in experimental animals, membrane damage 
has been shown to be more persistent compared to our post-injury period (Pettus and 
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Povlishock, 1996; Singleton and Povlishock, 2004). Furthermore, traumatic injury to the 
human brain (Grady et al., 1993) progresses remarkably slower when compared to 
experimental systems (see Gaetz, 2004 for a review), indicating a larger window of 
opportunity for therapeutic intervention. 
 
Repairing mechanically damaged cell membranes is a promising therapeutic approach in 
cases where the membrane disruption is the precipitating event that leads to cell death 
(see Barbee, 2005 for a review). P188 has been shown to reseal electroporated (Lee et al., 
1992), irradiated (Hannig et al., 2000), and thermally damaged (Padanilam et al., 1994) 
skeletal muscle cell membranes. We have previously shown that P188 rescued neuron-
like PC2 cells from mechanical trauma-induced death by restoring their membranes 
(Serbest et al., 2005; Serbest et al., 2006). P188 has been suggested to interact only with 
compromised membranes and to be easily removed from the membrane once the cell is 
healed (Maskarinec et al., 2005). The ability of P188 to seal permeabilized cell 
membranes has also been tested using in vivo models. Subcutaneous injection of P188 6 h 
after spinal cord compression injury to guinea pig promoted functional recovery (Borgens 
et al., 2004). In dystrophic mouse heart, P188 inhibited Ca2+ overloading due stretch-
induced loss in membrane integrity and thereby blocked acute cardiac failure in response 
to stress (Yasuda et al., 2005). In excitotoxic injury to rat, P188 reduced neuronal loss, 
when delivered immediately after the toxin (Curry et al., 2004a). In conjunction with our 
in vitro studies, these reports indicate that P188 may be used in vivo to mitigate the 
effects of DAI.  
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In this study we applied mechanical trauma to primary central nervous system neurons 
and produced axonal bead formation and focal cytoskeletal damage, both hallmarks of 
DAI. Injury-induced mechanoporation could be blocked by post-injury application of 
membrane sealant P188, indicating a therapeutic effect via repair of membrane damage. 
Application of P188 also prevented focal microtubule disruption and axonal bead 
formation showing a strong causal relationship between membrane damage and 
subsequent axonal pathology. These findings establish the restoration of membrane 
integrity as a legitimate therapeutic target for acute intervention in DAI. 
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Figure 2.1: The chemical structure of Poloxamer 188. 
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Figure 2.2: Hypothesis for the mechanism of trauma-induced axonal beading and the inhibitory 
effect of Poloxamer 188. 
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Figure 2.3: Chick forebrain neuron in culture. A. 1 day in vitro. Neurite extention starts as soon as 
the neuron is attached to the substrate. B. 3 days in vitro. Usually one elongated axon can be 
distinguished after 2-3 days. Scale bar = 25 µm. 
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Figure 2.5: The flowchart of beading.m, a program that receives the phase contrast image of the 
neuron (Input Image) and returns spine vector S, raw and filtered bead vectors Z and Z’, and 
category vector C. Matlab programs (m-files) are represented in solid gray, image files in solid white, 
and output files in marble pattern. Dashed round line indicates an interactive process. 
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Figure 2.6: The flowchart of beadcount.m, a program that calculates the beading vector Z using filled 
binary image of the axon and the spine vector S. O(i) is the area (in pixel squares) of a circle with 
radius i (in pixels). Briefly, for each pixel along the spine, a disk with increasing radius is created and 
added to the binary image at this pixel. If 85% or more of the disk area overlaps with axonal regions, 
the radius value is stored in Z(i). 
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Figure 2.7: Stages of computer based beading quantification program. Briefly, the raw image (A) is 
cleaned (B), reversed (C), and thresholded to black and white (D). The user selects neuronal regions 
(E) and connects them (F) before the spine is created (G) and trimmed to reflect the axon (H). Black 
and white image and the spine (superimposed in I) are then used to determine the beading vector. 
Bar = 20µm. 
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Figure 2.8: Combined fixing and extraction method is used to detect neuronal microtubule structure. 
As the tubulin antibody does not distinguish between free and bound tubulin free tubulin is extracted 
out of the cytoplasm during fixation of the microtubules. 
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Figure 2.9: The flowchart of MT.m, a program that receives the fluorescent intensity image of the 
neuron (Input Image) and returns spine vector S, and intensity vector V. Matlab programs (m-files) 
are represented in solid gray, image files in solid white, and output files in marble pattern. Dashed 
round line indicates an interactive process. 
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Figure 2.10: The flowchart of coloc.m, a program that takes the beading vector Z and the intensity 
vector V and returns the co-localization matrix AN. Briefly, beading and intensity vectors are 
assigned to vector BK whose last column is the average intensity within the extent of the bead 
diameter. Vector AN contains the rows of BK where the bead radius is non-zero. The relative 
position and direction of V is optimized for maximum co-localization. 
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Figure 2.11: Mechanical injury results in axonal beading. A, Phase contrast images of cultured chick 
forebrain neurons. Axonal beads formed on the injured axon (right), whereas uninjured (sham) 
controls did not develop beads. Bars = 20µm. B, Graph of average axonal beading versus time. Dark 
and light bars represent injury and sham control groups, respectively. Beading is measured by the 
number of post-injury beads divided by axon length. ANOVA is followed by Tukey’s test. N is 
displayed on bars. Error bars represent SEM. 
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Figure 2.14: Axonal cytoskeletal changes following mechanical injury. A, In sham controls (60 
minutes post-experiment), microtubules exhibit the characteristic bundled appearance, and actin 
filaments are found throughout the axon. B, At 60 minutes following injury the regions of the axon 
exhibiting beads contain decreased levels of microtubule staining and F-actin accumulation (arrows). 
Only a subset of beads is labeled for demonstration purposes. C, Boxed regions of panel B are 
magnified 3x and the microtubule image is pseudo-colored (bottom panel). Microtubule staining 
intensity along the axon is not continuous and is lower at locations where beads are present 
(arrowheads). Bars = 20µm. 
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Figure 2.15: Cytoskeletal changes induce axonal beading. A. Example of axonal bead formation in 
neurons treated with the microtubule depolymerizing drug vinblastine (20 µM). Before treatment the 
neuron exhibits a normal axonal morphology characterized by a uniform diameter. At 30 minutes 
post treatment a few beads have become apparent (arrows), while at 60 minutes post treatment the 
axon exhibits numerous beads (arrows). Only a subset of beads is labeled for demonstration 
purposes. B. A high magnification image of an axonal bead. Microtubules appear typically bundled 
on both sides of the bead. Disrupted microtubules and accumulated actin filaments occupy the bead 
area. Bars = 20µm (A) and 1µm (B). 
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Figure 2.16: Comparison of the beading numbers calculated by manual counting method and by 
image analysis program. Change in the beading number pre-injury and at 60 min post-injury is 
plotted for 22 coverslips representing 104 neurons. The line is the linear fit of all groups with a 
correlation coefficient of R2 = 0.652. Final concentration of P188 was 100µM.  
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Figure 2.18: Output of the co-localization analysis program. A, Axonal beading numbers (solid 
circles) and microtubule staining intensity (line) are plotted along the axon. The intensity vector V 
was extrapolated to the size of the beading vector Z. B, Beads with beading numbers less than four 
were filtered out and the orientation and position of the intensity vector is optimized. Pixels with high 
bead radii reflect regions of abrupt decrease in MT staining intensity (arrows) relative to the 
adjacent more proximal (i.e. closer to cell body) regions of the axon. A gradual decrease in the 
microtubule intensity is evident from the cell body towards the tip of the axon (distal). 
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Figure 2.19: Results of the co-localization analysis program. For each bead, the intensity of the bead 
region (black bars) was compared with the intensity of the adjacent region (white bars). Also, to have 
a baseline, randomly selected regions (dark gray bars) were compared with their adjacent regions 
(light gray bars). For beads with radii four and above, there is a significant intensity loss compared 
to a randomly selected region with the same length. Statistical significance was determined by 
Student's test. N is displayed on bars. Error bars represent SEM. 
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Figure 2.20: Injury-induced membrane permeability can be repaired by Poloxamer 188. A. 
Membrane permeability is higher in injured neurons than in other groups as demonstrated by anti-
Lucifer yellow staining (lower panels).  Bars = 20µm. B. Membrane permeability, as quantified by 
measuring the staining intensity of Lucifer Yellow in axons 10 minutes following injury. Lucifer 
yellow staining is higher in the injury group compared to sham controls. Poloxamer 188 has no effect 
on sham controls but reduces the permeability of injured neurons to control levels. ANOVA is 
followed by Tukey’s test. N is displayed on bars. Error bars represent SEM. Final concentration of 
P188 was 100µM. 
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Figure 2.21: Effect of post-injury Poloxamer 188 on axonal beading and microtubule structure. A. 
Phase contrast images taken pre- and 60 min post-injury show an increase in the number of beads 
(arrows) and thinning of the axon caliber in the injured neurons compared to sham controls and 
treated neurons. Bars = 20µm. B. Beading is measured by the number of post-injury beads divided 
by the axon length and is higher in the injury group compared to sham controls. P188 (100µM at 5 
min post-injury) has no effect on sham controls but significantly reduces beading in the injured 
neurons. ANOVA is followed by Tukey’s test. Number of axons analyzed is displayed on bars. Error 
bars represent SEM. C. Morphology and microtubule structure of a P188-treated axon at 1h post-
injury. P188 treatment prevented focal microtubule disruption and axonal bead formation. Bar = 
10µm. 
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Figure 2.22: Axonal beading, measured by image-based quantification method. As in the case of 
manual counting, this method determines a significant increase in beading in the injury group when 
compared to sham controls. P188 treatment has no effect on sham controls but significantly reduces 
beading in the injured neurons. ANOVA is followed by Tukey’s test. N is displayed on bars. Error 
bars represent SEM. Final concentration of P188 was 100µM. 
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CHAPTER 3: CALCIUM-DEPENDENT CALPAIN ACTIVITY FOLLOWING IN 
VITRO MECHANICAL INJURY 
 
 
 
3.1. BACKGROUND 
3.1.1. Calcium in Neuronal Function and Death 
Calcium ions (Ca2+) play a key role in the function of excitable tissues. Numerous 
cellular functions have been shown to require Ca2+ signals or a certain Ca2+ concentration 
([Ca2+]) (Leist and Nicotera, 1998). Most of the Ca of higher organisms is immobilized in 
the bones and teeth as hydroxyapatite [Ca10(PO4)6(OH)2]. A negligible amount of it is 
contained in the extracellular and intracellular fluids. Total Ca concentration in the 
extracellular fluid is kept at 3 mM, of which approximately half is in ionic form 
(Carafoli, 1987). As in all cell types, Ca2+ in neurons regulates gene expression, 
membrane traffic, cell division, growth and motility, development, and cell death. Ca2+ 
also has functions that are unique for neurons, such as electrical signaling, rapid 
triggering of exocytosis, and synaptic plasticity (Wang and Augustine, 1999). To achieve 
these functions, neurons rely on the steep concentration gradient across the plasma 
membrane and across the membranes of intracellular organelles. Extracellular free Ca2+ 
concentration ([Ca2+]e) ranges between 1.3 and 1.8 mM and intracellular free Ca2+ 
concentration ([Ca2+]i) is kept around 100 nM (Leist and Nicotera, 1998). The resulting 
very large electrochemical force is particularly convenient to Ca’s role as a cellular 
regulator, since even minor changes in its plasma membrane permeability induced by 
physiological stimuli will produce very significant fluctuations in [Ca2+]i (Carafoli, 
1987).  
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Ca2+ signaling system uses multiple pathways to regulate cellular processes that operate 
with spatial and temporal dynamic ranges. At any moment in time, [Ca2+]i is determined 
by the reactions that introduce the ion into the cytoplasm and by the reactions that 
remove it (Berridge et al., 2003). Ca2+ signal is derived either from extracellular fluid or 
from the Ca2+-storing organelles. The removal is conducted through buffer proteins and 
pumps that force Ca2+ against its gradient. Details on these homeostatic mechanisms are 
given in Section 3.1.2. In addition, compartmentalized Ca2+ signaling of the neurons arise 
from their distinct structure. The sources of Ca2+, such as voltage-gated Ca2+ channels on 
the plasma membrane or the release channels on the endoplasmic reticulum (ER) 
membrane are non-uniformly distributed (Blaustein, 1988). Also, the neuron is highly 
polarized and contains elongated structures whose function is to conduct electrical 
activity over considerable distances (Wang and Augustine, 1999). Temporal variation of 
[Ca2+]i exist from a fraction of 1 ms to several seconds (Blaustein, 1988). This spatial and 
temporal variation in the signal provides a number of Ca2+ pathways for different neurons 
that accomplish different tasks.  
 
As Ca2+ is essential for neuronal function, it can also cause neuronal degeneration and 
death. Glutamate-driven excitotoxicity, oxidative stress, mitochondrial dysfunction, and 
apoptosis have been proposed to kill neurons via Ca2+-dependent pathways in stroke and 
degenerative diseases such as Alzheimer’s, Huntington’s, and Parkinson’s (Whitfield and 
Chakravarthy, 2001). Disturbances in Ca2+ homeostasis is thought to be the final common 
pathway of neurodegeneration and the close association between intracellular Ca2+ 
accumulation and neuronal death led to the term “the calcium hypothesis” which states 
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that Ca2+ overload leads to neurodegeneration (reviewed in Tymianski and Tator, 1996). 
Increased [Ca2+]i does not elicit neuronal death by itself; rather a number of downstream 
effectors are required. Some of these need sustained high levels of [Ca2+]i whereas some 
need a transient [Ca2+]i increase as triggering signal (Leist and Nicotera, 1998).  
 
Glutamate, the major excitatory neurotransmitter in the central nervous system, acts on 
neurons via ionotropic or metabotropic plasma membrane receptors. Ionotropic receptors 
include N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5 methyl-4-
isoxazolepropionate-kainate (AMPA-kainate) types, and their activation may lead to Na+, 
K+ and Ca2+ flow. Metabotropic receptors mediate GTP-binding protein-dependent 
mechanisms which in turn form inositol 1,4,5-triphosphate which leads to Ca2+ release 
from the ER (Tymianski and Tator, 1996). Mechanisms that lead to excitotoxicity is 
explained in two stages. First, the pathological conditions that lead to excess [Ca2+]i, and 
second, the effector mechanisms that are consequences of the first stage. Nitric oxide 
synthases (NOS) are activated by increased [Ca2+]i and form nitric oxide (NO) that in turn 
leads to the formation of toxic species (Whitfield and Chakravarthy, 2001). [Ca2+]i-
activated proteases such as calpains degrade cytoskeletal proteins and cleave membrane 
receptors are also associated with neuronal death (Leist and Nicotera, 1998). 
Endonucleases are also activated by Ca2+ overload. Endonucleases degrade DNA and 
lead to apoptosis or necrosis, depending on the availability of energy (Tymianski and 
Tator, 1996). Mitochondria, which are the energy generators of neurons, sequester excess 
Ca2+; however the buffering of Ca2+ leads the transmembrane potential to decrease 
resulting in the decreased levels of ATP production (Tymianski and Tator, 1996).   
75 
 
Cumulatively, these findings suggest that Ca2+ is involved in different kinds of neuronal 
death. TBI-induced neuronal death has been characterized as a continuum between 
necrosis and apoptosis (Raghupathi, 2004), and it is therefore reasonable to suspect 
elevated [Ca2+]i levels following traumatic injury. Ca2+ mechanisms following TAI will 
be now reviewed in detail. 
 
3.1.2. Calcium Increase Following Traumatic Axonal Injury 
TBI has been associated with increased Ca2+ levels; however the source of Ca2+ entry is 
still a matter of debate (Buki and Povlishock, 2006). In vivo studies utilized a variety of 
techniques including atomic spectroscopy for total tissue content (Shapira et al., 1989), 
45Ca autoradiography (Fineman et al., 1993; Nilsson et al., 1996), oxalate-pyroantimonate 
technique (Maxwell et al., 1995; Xiao-Sheng et al., 2000), and in vivo confocal 
neuroimaging (Prilloff et al., 2007). In vitro experiments mostly rely on fluorescent 
[Ca2+]i indicators such as Fura-2. 
 
Using a weight drop model of rat head trauma, Ca2+ content in the gray matter was found 
to be significantly higher than controls at 1 hour (h) post-injury and correlated with 
edema (Shapira et al., 1989). In a rat fluid percussion injury model, Ca2+ accumulation 
was demonstrated immediately following injury. The accumulation was twice as much in 
a contused region, when compared to regions associated with concussion (Fineman et al., 
1993). Also in rat, compression contusion trauma resulted in post-injury Ca2+ 
accumulation, especially in the “shear stress zone”. Measurements of extracellular [Ca2+]
 
revealed sharp drops that recovered during the 2h post-injury period. These drops, 
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indicating Ca2+ influx into the neuron, could not be blocked by NMDA or AMPA 
receptor antagonists (Nilsson et al., 1996). Optic nerve stretch injury to guinea pig 
resulted in a redistribution of membrane Ca2+-ATPase activity from internodes to the 
nodes of Ranvier as early as 1h post-injury. However, ecto-Ca2+-ATPase activity 
disappeared in the internodes following injury. These findings indicate that the pump 
activity is regulated in order to clear excess Ca2+ from the axon and to re-establish the 
homeostasis (Maxwell et al., 1995). Recently, rats undergoing lateral head rotation injury 
accumulated Ca deposits between damaged myelin lamellae and axolemma within 2 
hours and in much lower amounts in the axoplasm within 6 hours following injury. 
Interestingly, in some neurons, axoplasmic Ca deposits were found on the swollen 
mitochondria, indicating that these organelles can act as intra-axonal hot spots when 
damaged (Xiao-Sheng et al., 2000). Very recently, optic nerve crush injury in rat revealed 
that retinal ganglion cells that demonstrate rapid [Ca2+]i elevation were selectively 
associated with cell death (Prilloff et al., 2007). 
 
Early in vitro studies investigating post-injury Ca mechanisms include tearing/cutting 
axons in culture. When torn with a needle, cultured rodent neurons underwent death that 
could be partially blocked by NMDA receptor antagonists but not by AMPA receptor 
antagonists (Regan and Choi, 1994). In a similar tear injury model, neuroglial culture 
from rat cerebral cortex underwent death that could also be blocked by NMDA and 
metabolic receptor antagonists but not by AMPA/Kainate receptor antagonists, consistent 
with the previous study (Mukhin et al., 1997). Axotomy-induced neuronal death was 
shown to be dependent on extracellular Ca2+ (George et al., 1995), indicating that influx 
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of extracellular Ca2+ is a common mechanism for neuronal degeneration and death. When 
Ca2+ was introduced into the neuron using Ca-ionophore, it indeed caused neuronal death. 
Lower concentrations of ionophore induced [Ca2+]i increase in the neurites and resulted in 
apoptosis, whereas higher concentrations induced a global [Ca2+]i rise in the neuron and 
resulted in necrosis (Gwag et al., 1999). 
 
Parallel plate shear stress injury on neuron-like NT2 cells resulted in a sharp rise in 
[Ca2+]i which reached more than 3 times baseline values and decreased slowly (LaPlaca 
et al., 1997). This increase could be partially blocked by blocking NMDA receptor 
activation, indicating that several pathways are triggered at the time of the injury for Ca2+ 
influx. Uniaxial stretch injury caused a Ca2+ influx in NT2 cells that was modulated by 
tetrodotoxin-sensitive voltage gated Na-channels. In this model, [Ca2+]i sharply increased 
immediately after stretch, and after a brief decrease, gradually increased for the next 20 
min (Wolf et al., 2001). This injury model also induced a sharp rise in [Ca2+]i in primary 
rat hippocampal neurons (Lusardi et al., 2004). Same group has shown that the long-
period (at least 1h) modest increase in the [Ca2+]i following uniaxial stretch is due to the 
proteolysis of the α-subunit of the Na-channel within 5-20 min post-injury (Iwata et al., 
2004). Biaxial stretch of neuron-like NG108-15 cells also resulted in an immediate rise in 
[Ca2+]i; however, [Ca2+]i returned to baseline during the recording period of 2 min 
(Cargill and Thibault, 1996). Recently, the difference in the Ca2+ mechanisms of uniaxial 
and biaxial stretch has been investigated. Uniaxial stretch injury involves mechanically-
induced NMDA receptor activation, whereas biaxial stretch injury involves 
mechanoporation and results in peak [Ca2+]i values that are one degree of magnitude 
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larger than the peaks obtained by uniaxial stretch (Geddes-Klein et al., 2006a). NMDA 
receptor activation was shown to be the inciting event in the stretch-induced [Ca2+]i rise, 
where an intact actin cytoskeleton (CSK) was required (Geddes-Klein et al., 2006b). 
 
3.1.3. Calpain in Neuronal Physiology 
Calpains or CANPs are neutral Ca2+-activated cysteine proteases that are ubiquitously 
expressed in all tissues. Calpains with high Ca2+ sensitivity (Calpain I or µ-calpain) and 
with low Ca2+ sensitivity (Calpain II or m-calpain) have been studied intensively. Recent 
reviews on the structure, regulation and function of calpains are available (Carafoli and 
Molinari, 1998; Goll et al., 2003). Calpains are heterodimeric proteins, composed of a 
catalytic subunit of about 80 kD and a 30 kD subunit whose role has not been fully 
established. Calpastatin is a specific inhibitor of calpains and is also expressed 
ubiquitously (Carafoli and Molinari, 1998). Substrates of calpain include a variety of 
enzymes, receptors, and cytoskeletal proteins such as tropomyosin, filamin (actin-binding 
protein), troponin I and C, talin, myosin  light  chain, fodrin/spectrin, C protein, ankyrin, 
vimentin/desmin  platelet  α-actinin, neurofilaments 68, 160, and 200, α-Crystallin, 
MAP1, MAP2, myelin  basic protein and tubulin (Croall and DeMartino, 1991). The two 
main calpain isoforms (µ- and m-calpains) have the same substrate specificity (Carafoli 
and Molinari, 1998) however their relative amounts depend on the general function of the 
tissue and individual function of the cell (Murachi, 1990). Calpains and calpastatin are 
thought to be in soluble form in the cytosol; however their function is significantly 
enhanced when calpains are anchored to membrane or CSK protein (Carafoli and 
Molinari, 1998; Murachi, 1990).  
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The role of calpain in the nervous system is not fully characterized. µ-calpain was shown 
to localize to cell bodies and m-calpain was shown to be mainly concentrated in the 
axons and dendrites (Baudry et al., 1987; Perlmutter et al., 1990). The calpains have a 
role in severing membrane attachments of the cytoskeleton, essential in cell fusion, 
spreading and motility (Goll et al., 2003). Initial stages of neurite outgrowth involve 
neurites to dynamically retract, change direction, and branch. These regressive 
phenomena which occur as part of normal axonal and synaptic development have been 
associated with calpain activation (Grynspan et al., 1997). A hypothesis has been 
proposed for physiological calpain activity as a part of the complex machinery that 
regulates long-term synaptic potentiation and memory formation. According to this 
hypothesis, opening of the post-synaptic Ca2+ channels would increase local [Ca2+] and 
activate calpain which in turn would degrade fodrin (brain spectrin) and cause 
remodeling of the postsynaptic membrane resulting in further accumulation of glutamate 
receptors (Melloni and Pontremoli, 1989). There is evidence showing that calpains cleave 
cytoskeletal and other proteins that anchor NMDA receptors in structures named 
postsynaptic densities (PSDs) that underlie the postsynaptic membranes. It was suggested 
that proteolytically induced changes in NMDA and AMPA receptors lead to long-term 
potentiation (Lynch, 1998). These changes may include changes in the membrane 
environment around the receptors, greater access to modulators, clustering of the 
receptors, receptor insertion, or any combination of these possibilities (Goll et al., 2003).  
 
Cleavage of cytoskeletal proteins is essential for the aforementioned neuronal processes. 
A variety of cytoskeletal elements have been shown to be substrates for calpain. 
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Microtubule-associated proteins (MAPs) 1 and 2 are shown to be degraded by calpain 
(Billger et al., 1988; Johnson et al., 1991). Degradation of tubulin by calpain is not very 
clear (Siman and Noszek, 1988); however, there is a hypothesis claiming that assembled 
microtubules could be protecting tubulin from degradation (Billger et al., 1988).These 
elements make up the microtubules that are essential for axonal development and 
transport. However, it has to be noted that some studies Neurofilament subunits and 
spectrin through which the NFs may attach to the plasma membrane are also degraded by 
calpains whereas actin microfilaments are normally resistant to calpain degradation 
(Shoeman and Traub, 1990). In the traumatically-injured neuron, observations such as 
neurofilament and microtubule disorganization and loss are suggestive of calpain 
activation in the pathology following mechanical injury.  
 
3.1.4. Calpain Activity Following Axonal Injury 
Calpains have been shown to be activated following traumatic and other types of injuries 
to the nervous system. In head injured humans, activated µ-calpain and calpain-mediated 
spectrin breakdown products (CMSP) were shown to increase compared to control levels 
(McCracken et al., 1999). In a controlled cortical impact injury to rat, the ratio of 
activated µ-calpain over the inactive form was shown to triple within 15 min post-injury 
and increase for the following 6 h in the ipsilateral side (Kampfl et al., 1996). This study 
also revealed that starting from 15 min time point, CMSP kept accumulating for the 24 h 
post-injury period, verifying that the active µ-calpain was functional (Kampfl et al., 
1996). In a lateral fluid percussion injury to rat, CMSP were not detected at 30 min post-
injury but at 90 min post-injury, where they were closely associated with the areas of cell 
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loss in the ipsilateral cortex (Saatman et al., 1996a). By one day post-injury, cellular 
damage and the accumulation of CMSP were detected in the ipsilateral hippocampus and 
CA3 region of pyramidal cells (Saatman et al., 1996a). Impact acceleration injury to rat 
resulted in focal axonal reactive swellings that contained compacted neurofilaments and 
CMSP during post-traumatic survival (30 – 120 min) (Buki et al., 1999b). Interestingly, 
CMSP were found to be closer to the axolemma and to intracellular organelles such as 
mitochondria (Buki et al., 1999b).  
 
Calpain activation has been shown to follow a biphasic pattern following optic nerve 
stretch injury to mouse such that CMSP were detected within minutes to hours along the 
length of the axons and later (4 days) in axonal swellings (Saatman et al., 2003). The 
biphasic nature of calpain activation was further demonstrated by the acute and delayed 
decreases in α-tubulin (as early as 30 min) and neurofilament subunit levels and increase 
in the CMSP (Serbest et al., 2007). Early activation of calpain is suggested to contribute 
in the progressive structural damage in the axonal cytoskeleton following injury whereas 
the delayed activation is attributed to the late phases of axonal degeneration (Saatman et 
al., 2003). Calpain was also shown to degrade myelin basic protein within hours after 
cortical impact injury to rat, indicating that structural damage to myelin sheath would 
make axons more vulnerable to the post-traumatic degenerative events (Liu et al., 2006). 
Calpain activation is not unique to TAI. Activation of m-calpain was shown after 
peripheral nerve transection (Glass et al., 2002) and after hypoxia (Tamada et al., 2005). 
Hypoxia-induced death to retinal ganglion cells was accompanied by calpain-mediated 
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spectrin and tau proteolysis, indicating an increase in the [Ca2+]i due to lack of energy in 
the system (Tamada et al., 2005).  
 
Although the hypothesis suggesting that early activation of calpains due to Ca2+-influx 
through mechanoporated plasma membrane sounds pleasing, a recent study provided 
evidence against this idea. In impact acceleration injury to rat, CMSP were detected in a 
small fraction of mechanoporated axons but in a larger fraction of the axons which 
showed delayed membrane perturbation, probably associated with later stages of 
neurodegeneration (Farkas et al., 2006). However, these studies cumulatively suggest that 
early calpain activation following traumatic injury may have an important role in the 
pathological sequela leading to neuronal death. Calpains may be activated again at later 
stages of the degeneration for the degradation of the CSK. 
 
Since calpain activation seems to be a key event in the post-traumatic sequela, blocking 
its activity was considered as a valid pharmaceutical approach. In the lateral fluid 
percussion injury discussed above, post-injury application of calpain inhibitor AK-295 
attenuated motor and cognitive deficits over a one week period (Saatman et al., 1996b). 
In a spinal cord injury model, pretreatment with calpain inhibitor CEP-4143 inhibited 
calpain-mediated CSK degradation over 2-4h time period in adult rats (Schumacher et al., 
2000). Another calpain inhibitor, MDL-28170 significantly reduced the number of 
damaged neurons when administered before the impact acceleration injury (Buki et al., 
2003) and improved functional and structural integrity of the axons when administered 
after the fluid percussion injury (Ai et al., 2007). Synthetic calpain inhibitors are 
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currently under investigation for therapeutical ability after TBI although calpastatin is the 
only known endogeneous and specific inhibitor of the calpain (Marklund et al., 2006). A 
recent review considered calpain inhibitors as promising for the pharmaceutical 
interventions following TBI (Marklund et al., 2006). 
 
3.1.5. Hypothesis and Summary of Experiments 
Ca2+-dependent calpain activity is an important event in the pathological sequela of DAI 
leading to focal cytoskeletal disruption and subsequent axonal beading. The in vitro 
mechanical injury model used in this study allows the observation of axonal Ca2+ and 
calpain activity in the early post-injury period leading to axonal degeneration 
demonstrated in Chapter 2.3. The hypothesis that is outlined in Section 2.1.5 and shown 
in Figure 2.2 needs to be revised to include specific aims of this chapter. Post-injury 
[Ca2+]i increase due to mechanoporation depends on the availability of extracellular Ca2+ 
and intact intracellular Ca mechanisms. Therefore, removing of Ca2+ from the 
extracellular medium is expected to inhibit mechanically-induced axonal beading. 
Similarly, the chelation of intracellular Ca2+ is expected to inhibit axonal beading as the 
handling of the incoming Ca2+ ions would be altered. The hypothesis also leads to the 
expectation that [Ca2+]i increase due to injury and subsequent activity of calpains should 
be blocked when Ca2+ is chelated both in the extracellular and intracellular environments. 
On the other hand, the inhibition of calpain activity by pharmaceutical means should 
attenuate post-injury axonal beading. Moreover, if mechanoporation is blocked by the 
application of membrane sealant P188, both injury-induced changes in [Ca2+]i and injury-
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induced calpain activity should be inhibited. These hypotheses are shown in a schematic 
form in Figure 3.1. 
 
To test these hypotheses, mechanical injury is applied to cultured neurons under different 
conditions. [Ca2+]i and calpain activity measurements are conducted for sham control and 
injury groups with intra- and extracellular Ca2+ chelators, calpain inhibitor and P188. 
Similarly, axonal beading was measured while the neurons are injured under intra- and 
extracellular Ca2+ chelation and calpain inhibition.  
 
3.2. MATERIALS AND METHODS 
3.2.1. In Vitro Injury Model 
Chick forebrain neurons were cultured and maintained as described in Section 2.2.1. 
Fluid shear stress injury (FSSI) is applied on neurons as described in Section 2.2.2. For 
Ca2+ and calpain activity measurements non-indexed coverslips were used. For axonal 
beading experiments, indexed coverslips were used. Details on the axonal beading 
quantification can be found in Section 2.2.3. 
 
3.2.2. [Ca2+]i Measurement and Quantification 
Two approaches were employed for [Ca2+]i measurement. First, ratiometric Fura-2 AM 
(Invitrogen) was used. The loss of dye following injury due mechanoporation, makes it 
very hard to interpret the Fura-2 data, especially with the low signal intensity at axons. 
To overcome this problem, the non-ratiometric Ca2+ dye Fluo-3 AM (Invitrogen) was 
used in tandem with the cytoplasmic marker CellTracker Red (CTR, Invitrogen). Having 
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similar molecular weights, these two dyes are assumed to escape from the cytoplasm at 
similar rates resulting in a more realistic read-out for the [Ca2+]i levels. When compared 
with Fura-2, the higher dissociation constant (Kd) value of Fluo-3 reduces the buffering of 
the [Ca2+]i signal. In addition, the longer excitation wavelength avoids the cell damage by 
exposure to UV, and its large optical signal provides very good signal-to-noise ratio 
(Merritt et al., 1990). Using Fluo-3 in tandem with CTR also avoids volumetric effects.  
 
Prior to experiment, neurons were incubated in the dark with experimental medium 
containing 5 µM CTR and 5 µM Fluo-3 for 20 min and rinsed twice with fresh 
experimental medium. Up to three pre-determined areas on the coverslip were imaged 
before and after the injury, with 5 min intervals using appropriate filter sets for the two 
indicators. These areas were selected such that they contained a few isolated neurons 
containing single elongated axons. Settings such as gain, black level, and the number of 
pictures averaged were kept constant among different experimental groups. To avoid 
photo-bleaching locating the neurons and focusing were conducted under red 
fluorescence, as CTR was brighter and more bleach-resistant than Fluo-3. Background-
subtracted average Fluo-3 intensity of the axonal area (excluding bright spots) is divided 
to background-subtracted average CTR intensity of the same area to obtain the ratio. 
Similarly, the average intensities of the bright spots were used to calculate the ratio. The 
percent change in the ratio is then analyzed over time. In a separate video microscopy 
experiment, Fluo-3 fluorescence was recorded with 5 sec intervals for the initial 5 min 
following injury. For intracellular Ca2+ chelation, 20 µM 1,2-Bis(2-
aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis-AM (BAPTA-AM, Invitrogen) 
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was added to the incubation medium (along with Fluo-3 and CTR). For extracellular Ca2+ 
chelation, the experimental medium was buffered with 1 mM ethyleneglycol-O, O'-bis(2-
aminoethyl)-N, N, N', N'-tetraacetic acid (EGTA, Sigma).  
 
3.2.3. Calpain Measurement and Quantification 
To detect calpain activity in living neurons, the fluorogenic calpain substrate 7-amino-4-
chloromethylcoumarin, t-BOC-L-leucyl-L-methionine amide (t-BOC; Invitrogen) was 
used. The uncleaved t-BOC diffuses freely into neurons and is non-fluorescent. When 
specifically cleaved by calpains after its internalization, t-BOC fluorescence is 
unquenched and exhibits a linear rise following its addition into the culture medium 
(Robles et al., 2003). Prior to experiment, neurons were incubated with experimental 
medium containing 5 µM CTR and rinsed twice with fresh experimental medium. 
Rinsing was followed by the experimental medium containing 10 µM t-BOC. Neurons 
were injured 10-15 min following the addition of t-BOC and a fixed area on the coverslip 
was imaged with 5 min intervals for 20-25 min post-injury. These areas were selected 
such that they contained a few isolated neurons containing single elongated axons. An 
excitation/emission filter set suitable for DAPI was used to record t-BOC fluorescence. 
Since t-BOC demonstrated photo-activation as well as photo-toxicity, exposure to UV 
light was kept minimal, using CTR signal to control focal plane. In experimental groups 
involving Calpain inhibition, neurons were incubated and experimented in media 
containing 3 µM Calpain Inhibitor I or N-Acetyl-Leu-Leu-Nle-CHO (CPI or ALLN; 
Calbiochem). 
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3.2.4. Statistical Analysis 
Data were expressed as mean ± standard error of the mean (SEM). Statistical analysis 
was performed using single way analysis of variance (ANOVA), followed by Tukey’s 
post hoc test to determine significance values between different experimental groups. 
 
3.3. RESULTS  
3.3.1. Axonal Beading Depends on Calcium Increase and Calpain Activity 
Fluid shear stress injury (FSSI) was applied to chick forebrain neurons at 4-6 days in 
vitro. Axonal bead formation was detected in injured neurons using live imaging as 
shown in Figure 2.11. Axonal beading was determined using Matlab-based image 
analysis program described in Section 2.2.4. However, for the optimum use of 
experiment time, the final phase contrast images were obtained at different time points 
ranging from 60 to 90 minutes. Therefore, an additional normalization of the increase in 
the beading number was necessary for these experiments.  To determine the role of 
extracellular Ca2+ in the post-injury beading response, neurons were injured in the 
medium with the presence of 1 mM EGTA. To determine the role of intracellular Ca2+ in 
beading response, neurons were incubated with 20 µM BAPTA prior to injury. To 
determine the effect of the calpain inhibition on axonal beading, neurons were incubated 
with 3 µM ALLN prior to and after the injury. A total of 142 neurons on 19 coverslips 
(Sham control: 18 neurons on 2 coverslips; injury: 54 neurons on 7 coverslips; injury + 
EGTA: 32 neurons on 4 coverslips; injury + BAPTA: 16 neurons on 2 coverslips; injury 
+ ALLN: 22 neurons on 4 coverslips) were analyzed. Figure 3.2 shows that axonal 
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beading can be reduced to the levels of sham controls by chelating intra- and extracellular 
Ca2+ and by inhibiting calpain activity.  
 
3.3.2. Injury Induces Steady Increase in Axonal [Ca2+]i  
CFNs were subjected to FSSI and were imaged for 5 min taking a snapshot every 5 
seconds. Figure 3.3 shows a sham control neuron over the course of 30 min. In the sham 
control neuron, the fluorescence intensity is steady and focal “hot spots” exist or develop 
over time. Figure 3.4 shows an injured neuron over the same period. In the injured 
neuron, the average intensity of Fluo-3 signal increases gradually, both along the axon 
and at the focal “hot spots”. A time plot of average axonal intensity of sham control and 
injury groups are given in Figure 3.5A. When the data is normalized with the initial 
average intensity, the increase in [Ca2+]i in the injury group becomes more obvious 
(Figure 3.5B). This steady increase continues until approximately 20 min post-injury.  
 
3.3.3. [Ca2+]i Rise Is Inhibited by Ca2+ Chelators and by P188 
The rate of [Ca2+]i increase is compared among different experimental groups. A total of 
73 axons on 16 coverslips (Sham control: 14 neurons on 3 coverslips; injury: 24 neurons 
on 5 coverslips; injury + EGTA: 14 neurons on 3 coverslips; injury + BAPTA: 11 
neurons on 3 coverslips; injury + P188: 10 neurons on 2 coverslips) were analyzed. Due 
to the time-lapse nature of the imaging, a maximum of two areas on the coverslip were 
imaged. For each axon, the slope of the normalized Fluo-3 / CTR signal ratio vs. time 
curve is considered as one data point and the statistical analysis was conducted. 
Similarly, a total of 72 “hot spots” on 16 coverslips (Sham control: 13 neurons on 3 
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coverslips; injury: 24 neurons on 5 coverslips; injury + EGTA: 14 neurons on 3 
coverslips; injury + BAPTA: 11 neurons on 3 coverslips; injury + P188: 10 neurons on 2 
coverslips) were analyzed. Figure 3.6 shows the rate of percentile change in the ratio for 
axonal areas. The rate is significantly high in the injury group when compared to sham 
controls. EGTA, BAPTA and P188 effectively block the rate to control levels. Figure 3.7 
shows the same graph for “hot spot” regions. Injury group has again a significantly 
higher rate of increase. EGTA and P188 reduce this increase to sham control levels. 
BAPTA seems not to be effective in reducing the [Ca2+]i rise to control levels in these 
“hot spots”. 
 
3.3.4. Rate of t-BOC Activity Is a Measure for Calpain Activity  
Post-injury calpain activity in the CFNs was determined by the change in the t-BOC 
fluorescence over time. In the sham controls, a baseline calpain activity was detectable; 
however in the injured neuron the increase in the signal is more pronounced (Figure 3.8). 
As in the case of [Ca2+]i, there exist focal t-BOC “hot spots” that correspond to axonal 
regions expressing stronger CTR signal. The time course of t-BOC signal for sham 
control and injury groups with and without calpain inhibitor ALLN is given in Figure 3.9. 
Injured axons have higher rates compared to sham controls and ALLN successfully 
inhibits calpain activity in both sham control and injury groups (Figure 3.9A). “Hot 
spots” demonstrate a similar trend with higher increases in sham and injury t-BOC signal 
(Figure 3.9B).  
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3.3.5. Increase in Calpain Activity Depends on Ca2+ and Is Inhibited by P188 
The rate of change in the t-BOC fluorescence intensity was used as the measure for the 
calpain activity. A total of 90 axons on 33 coverslips (Control: 3 axons and 3 hot spots on 
1 coverslip; sham control: 12 axons and 12 hotspots on 4 coverslips; sham+ALLN: 4 
axons and 5 hot spots on 2 coverslips; sham+ BAPTA: 4 axons and 5 hotspots on 2 
coverslip; sham+EGTA: 5 axons and 4 hotspots on 2 coverslips; sham+P188: 6 axons 
and 5 hotspots on 2 coverslips; injury: 22 axons and 21 hotspots on 8 coverslips; 
injury+ALLN: 8 axons and 9 hot spots on 3 coverslips; injury+ BAPTA: 6 axons and 6 
hotspots on 2 coverslips; injury+EGTA: 12 axons and 10 hotspots on 4 coverslips; 
injury+P188: 10 axons and 11 hotspots on 4 coverslips) were analyzed. For each axon 
and “hot spot” the slope of the t-BOC signal vs. time curve is considered as one data 
point and the statistical analysis was conducted. Calpain activities in the axon and “hot 
spots” among different experimental groups are shown in Figure 3.10 and Figure 3.11, 
respectively. Sham axons and hot-spots have similar calpain activity compared to “no-
cone” controls. Inhibition of calpain activity by ALLN significantly reduced the rate t-
BOC signal in the sham axons and “hot spots”, as expected. Mechanical injury induces 
significant increases in the calpain activity in the axons as well as in the “hot spots”. 
Injury-induced increase in calpain activity could be blocked by ALLN, BAPTA, EGTA, 
and P188 both in the axon and in “hot spots”. These findings indicate that post-injury 
calpain activity depends on extracellular and intracellular Ca2+ and can be inhibited by 
membrane sealant P188.  
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3.3.6. Focal “Hot Spots” Correlate with Mitochondria and Become Axonal Beads 
Focal “hot spots” of CTR signal usually occur in healthy neurons. In order to investigate 
the relationship between these spots and axonal bead locations, CTR-loaded neurons 
were mechanically injured and tracked over time. An example neuron is shown in Figure 
3.12. A total of 22 neurons were analyzed. 81.5% of all post-injury beads detected at 2h 
time point are co-localized with pre-injury focal “hot spots”. Likewise, 67.7% of pre-
injury focal “hot spots” predicted future bead locations. 
 
In order to establish a relationship between focal “hot spots” of CTR signal with 
intracellular organelles, a double-staining study was conducted. Mitochondria are 
revealed by using mitochondrion-specific dye MitoTracker Green (MTG) as described in 
Section 2.2.7. A double-stained neuron is shown in Figure 3.13, displaying the majority 
of focal “hot spots” in correlation with high-density mitochondria staining. 84.0% of all 
CTR “hot spots” analyzed were associated with mitochondria (n = 119 “hot spots”). 
These findings indicate that axonal beads develop at those locations where mitochondria 
are localized. Since these organelles play a major role in intracellular Ca2+ dynamics, this 
co-localization suggests that axonal beads preferentially occur at those spots where a 
sustained disturbance in the ionic balance occurs. Furthermore, these spots were shown to 
exhibit sharper [Ca2+]i rise and more calpain activity compared to the rest of the axon. 
 
3.4. DISCUSSION 
Calcium rise and subsequent calpain activity play important roles in injury-induced 
neuropathology following TBI. Fluid shear stress injury was applied to cultured primary 
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neurons in order to study post-injury Ca2+ and calpain mechanisms. Post-injury axonal 
beading, the characteristic morphology associated with DAI, required Ca2+-dependent 
calpain activity to occur. Intracellular and extracellular Ca2+ chelation and calpain 
inhibition reduced injury-induced axonal beading to the levels of controls. [Ca2+]i 
increases steadily following injury, and could be blocked by chelating intra- and 
extracellular Ca2+ and by repairing the cell membrane via post-injury P188. Mechanical 
injury induced increased calpain activity that could be blocked by chelating intra- and 
extracellular Ca2+, as well as by calpain inhibitor ALLN and membrane sealant P188. 
[Ca2+] and calpain signals were not homogeneous along the axons but demonstrated focal 
“hot spots” that corresponded to axonal mitochondria. Some of these focal spots became 
axonal bead locations in the late post-injury periods. 
 
Focal axonal beading is the hallmark morphology of DAI pathology. It is hypothesized 
that mechanoporation-induced rise in the [Ca2+]i activates calpains, neutral proteases that 
are known to degrade a variety cytoskeletal and other proteins. Calpain activity would 
then disrupt CSK, specifically MTs which are the main conduits for axonal transport. 
Focal disruptions of MTs lead to axonal transport impairment, another phenomenon 
associated with DAI. Accumulation of transported cargo consisting of proteins and 
vesicle-bound organelles such as mitochondria forms axonal beads. According to this 
hypothesis, influx of the extracellular Ca2+ is the underlying event in the initiation of 
post-traumatic proteolytic activity. Therefore, it is remarkable that chelating of 
extracellular Ca2+ by EGTA inhibits the pathological sequence that leads to axonal bead 
formation following in vitro injury. The application of intracellular Ca2+ chelator BAPTA 
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shifts the Ca2+ balance within the cell, possibly resulting in the depletion of intracellular 
Ca2+ stores over the 20 min pre-injury application period. This depletion would also shift 
the balance in the intracellular buffer systems resulting in a faster and more effective 
buffering of the incoming Ca2+ ions. The finding that pre-injury BAPTA treatment 
reduces axonal beading to control levels shows that intracellular Ca2+ is required for the 
exhibition of injury cascade. Calpain inhibitor ALLN also reduced axonal beading to 
control levels indicating that calpain activity is essential for bead formation. These 
findings provide additional evidence to support the hypothesis regarding mechanically-
induced neuronal degeneration, outlined in Sections 2.1.5 and 3.1.5. As Ca2+ and calpain 
are proven to be crucial for axonal beading, inhibition of initial [Ca2+] increase via 
resealing mechanically-induced membrane pores may have a therapeutic importance. 
 
After demonstrating that Ca2+ and calpain are involved in post-injury degeneration, direct 
observations of these phenomena deemed necessary to provide further insight to their 
subcellular dynamics. [Ca2+]i was measured with Fluo-3 dye and the signal was 
normalized by the cytoplasmic marker CTR. In contrast to previous reports (Cargill and 
Thibault, 1996; Geddes-Klein et al., 2006a; Geddes-Klein et al., 2006b; LaPlaca et al., 
1997; Lusardi et al., 2004; Wolf et al., 2001) [Ca2+]i did not exhibit an immediate, sharp 
increase following injury. A potential mechanism for not observing a sharp increase in 
[Ca2+]i may be the unique combination of shear stress injury and cultured primary 
neurons in the current model. Steady increase in the [Ca2+]i was observed in some model 
systems after the recovery from the initial sharp peak (Wolf et al., 2001). However, it is 
the first time that focal [Ca2+] “hot spots” were observed in an in vitro injury model. It is 
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also remarkable that these hot spots were associated with pre-injury mitochondria 
locations and underlie the morphological pattern of axonal bead formation. It is now 
shown that bead locations are not randomly distributed along the axon, but localize to the 
“hot spots” of [Ca2+]i. Investigating the dynamic intracellular Ca mechanisms responsible 
for the occurrence and maintenance of these focal gradients would further enhance the 
understanding on the initiation of axonal degeneration.  
 
Injury-induced calpain activity was not directly monitored before. Calpain mediated 
spectrin breakdown was observed in a variety of experimental settings (Buki et al., 
1999b; Kampfl et al., 1996; McCracken et al., 1999; Saatman et al., 1996a); however, 
these studies lack the fine subcellular resolution necessary to understand the cell 
biological mechanisms underlying axonal calpain activity following injury. Using an 
established protocol for the detection of calpain activity (Robles et al., 2003), it was 
shown that focal “hot spots” of [Ca2+]i also exhibited higher calpain activity. This 
observation provides a direct link between focal increases in calpain activity and focal 
axonal beading. Mechanical injury induced an increase in the axonal calpain activity 
levels that could be blocked by intra- and extracellular Ca2+ chelators and calpain 
inhibitor ALLN, as well as by post-injury P188 application. P188 was shown to block 
post-injury axonal bead formation via inhibiting the increases in the membrane 
permeability (Section 2.3.5). The mechanism by which P188 blocks calpain activity via 
blocking [Ca2+]
 
increases verifies the main hypothesis of this study.  
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Due to diffusion, the existence of focal gradients is only possible by sustained Ca2+ flux 
to that region. As these regions co-localize with mitochondria, one would suspect Ca2+ 
release from these organelles in the early post-injury period. Mitochondrial dysfunction is 
common following acute brain injury due to the loss of intracellular ion balance and 
increase in [Ca2+]i (Merenda and Bullock, 2006). Mitochondrial dysfunction was shown 
to be involved in in vivo TBI, resulting in Ca2+ accumulation in the organelle and loss of 
cellular energy levels (Xiong et al., 1997; Zhou et al., 2007). Mitochondrial permeability 
transition (MPT), a sudden increase in mitochondrial membrane potential due to high 
[Ca2+]m and oxidative stress (Merenda and Bullock, 2006), was shown to occur in 
response to elevated [Ca2+]i levels following Ca2+-ionophore (Petersen et al., 2001). 
Indeed, the inhibition of MPT by cyclosporin A following TAI has been suggested as a 
treatment strategy (Buki et al., 1999a; Okonkwo et al., 2003) for TBI. If mitochondria 
start to accumulate Ca2+ in response to elevated [Ca2+]c following mechanoporation, then 
MPT pores might open when the of Ca2+ buffering capacity of this organelle reaches its 
limits. This, in turn, would result in a sustained flux of Ca2+ from mitochondria to the 
cytoplasm, causing focal hot spots of [Ca2+]c and calpain activity. Alternatively, the 
dynamic calcium buffering/diffusion system might be shaped by the presence of the 
mitochondria which take up space (especially when they are round and short, rather than 
having an elongated shape) in the cytoplasm. Due to this spatial effect, Ca2+ might have 
focal peaks near mitochondria. The suggested mechanisms will be explored in Chapter 4 
using a computational model. 
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Figure 3.1: Hypotheses for the mechanism of trauma-induced axonal beading. The inhibitory effects 
of EGTA and BAPTA on the increase in [Ca2+]i, on calpain activity and on axonal beading are 
hypothesized. The inhibitory effects of CPI (ALLN) on calpain activity and on axonal beading are 
hypothesized. Finally the inhibitory effects of P188 on the increase in [Ca2+]i and on calpain activity is 
hypothesized. 
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Figure 3.2: Axonal beading for different treatments. Change in the axonal beading number was 
normalized by post-injury period (hours). Injury induced axonal beading is reduced to the level of 
sham controls by extracellular Ca2+ chelator EGTA (inj+e), by intracellular Ca2+ chelator BAPTA 
(inj+b), and by calpain inhibitor ALLN (inj+c). ANOVA is followed by Tukey’s test. Number of 
neurons analyzed is displayed on bars. Error bars represent SEM.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
inj+e: 1 mM EGTA 
inj+b: 20µM BAPTA 
inj+c: 3µM ALLN 
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Figure 3.5: Axonal fluorescence intensity in sham control and injury groups. A. There is a steady 
increase in the injured axons during the initial 5 min, whereas the sham controls seem to have a 
constant [Ca2+]i. Both data represent background subtracted average of two neurons on the same 
coverslip. B. The normalized data shows the steady increase in the injured axons more clearly. Lines 
are the least square fits based on the data. 
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Figure 3.6: Rate of increase of axonal [Ca2+]i. Injury-induced increase in the rate can be blocked by 
extra- and intracellular Ca2+ chelators EGTA (Inj+E) and BAPTA (Inj+B) as well as by P188 
(Inj+P). ANOVA is followed by Tukey’s test.  Numbers of axons examined are displayed on bars. 
Error bars represent SEM. 
Inj+E: 1 mM EGTA 
Inj+B: 20µM BAPTA 
Inj+P: 100µM P188 
102 
 
 
 
 
 
 
Figure 3.7: Rate of increase of [Ca2+]i in the “hot spots” along the axon. Injury-induced increase in 
the rate can be blocked by extracellular Ca chelator EGTA (Inj+E) and by P188 (Inj+P). 
Intracellular Ca chelator BAPTA (Inj+B) cannot reduce injury-induced changes significantly. 
ANOVA is followed by Tukey’s test. Numbers of “hot spots” examined are displayed on bars. Error 
bars represent SEM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Inj+E: 1 mM EGTA 
Inj+B: 20µM BAPTA 
Inj+P: 100µM P188 
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Figure 3.9: t-BOC signal intensity in the post-injury period. A. In sham control axons (filled circles) 
the baseline calpain activity produces a steady increase in the t-BOC signal as indicated by the least-
squares-fit (solid line). In injured axons (filled triangles) calpain activity is higher, as indicated by the 
least-squares-fit (dotted line). Calpain inhibitor 3µM ALLN reduces t-BOC signal for both sham 
(open circles) and injured (open triangles) axons. B. In focal “hot spots” of calpain, the increase in 
the signal intensity is higher than the axon average for all groups. An average of 3 axons and 3 “hot 
spots” is displayed per condition. 
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Figure 3.10: Axonal calpain activity among different groups. C: 3µM ALLN; B: 20µM BAPTA; E: 
1mM EGTA; P: 100µM P188. Calpain inhibitor ALLN reduces basal calpain activity significantly. 
Injury-induced increase in the calpain activity can be blocked by ALLN, intra- and extracellular 
Ca2+ chelators BAPTA and EGTA and by post-injury P188 application. ANOVA is followed by 
Tukey’s test. * Significantly different from sham controls. Numbers of axons examined are displayed 
on bars. Error bars represent SEM.  
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Figure 3.11: Calpain activity at the “hot spots” among different groups. C: 3µM ALLN; B: 20µM 
BAPTA; E: 1mM EGTA; P: 100µM P188. Calpain inhibitor ALLN reduces basal calpain activity 
significantly. Injury-induced increase in the calpain activity can be blocked by ALLN, intracellular 
and extracellular Ca2+ chelators BAPTA and EGTA and by post-injury P188. ANOVA is followed by 
Tukey’s test. * Significantly different from sham controls. Numbers of “hot spots” examined are 
displayed on bars. Error bars represent SEM. 
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Figure 3.12: Focal “hot spots” of CellTracker Red (CTR) signal underlie axonal beading. Majority of 
focal “hot spots” do not correlate with morphological abnormalities before the injury. Axonal 
beading is widespread at 2 hours post-injury and some of the bead locations correlate with focal CTR 
“hot spots” (arrows). However, not all focal “hot spots” correspond to a bead location at this time 
point (arrowheads). Bar = 10µm. 
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CHAPTER 4: CELL PHYSIOLOGICAL MODELING OF 
MECHANOPORATION-INDUCED AXONAL CALCIUM MECHANISMS 
 
 
 
4.1. BACKGROUND 
4.1.1. Calcium Mechanisms in Neurons 
Ca2+ is very important in spatio-temporal signaling in neurons. Numerous attempts have 
been made to describe the physical phenomena that Ca2+ signaling relies on. Four 
important physical aspects of Ca2+ signaling will be discussed here: Diffusion, buffering, 
extrusion through plasma membrane and sequestration into organelles. A review article 
dating more than 20 years back noted that cells limit the exchange of Ca2+ with the 
extracellular environment and a division of labor among the different structures was 
established such that a precise control on the transient oscillations of Ca2+ within the 
neurons would be maintained (Carafoli, 1987). Keeping the [Ca2+] gradient high across 
the plasma membrane (the ratio of extracellular [Ca2+] to intracellular [Ca2+] is around 
10,000) enables the neurons to use brief transients of Ca2+ for temporal and spatial signal 
transduction. This high signal-to-noise ratio is necessary for [Ca2+]i to be used as a 
secondary messenger (Blaustein, 1988).    
 
Measurement of cytoplasmic [Ca2+] ([Ca2+]c), and [Ca2+] in the organelles is a difficult 
task. Physiological value of [Ca2+]c is measured to be on the order of 0.1µM (Blaustein, 
1988; Carafoli, 1987; Tsien and Tsien, 1990). Neuronal ER is considered as a network of 
cisterns and tubules that have a dynamic continuity and play an important role in Ca2+ 
signaling. In the axon the cisterns are thin and smooth, running along the axon although 
there is no homogeneity (Meldolesi, 2001). Different techniques have been employed for 
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the measurement of endoplasmic reticulum (ER) [Ca2+] ([Ca2+]ER) that reported from 
1µM to 5mM (Meldolesi and Pozzan, 1998). For the VCell model a [Ca2+]ER of 400 µM 
is chosen (Meldolesi and Pozzan, 1998; Miyawaki et al., 1997). Mitochondria are known 
to accumulate Ca2+ during cell stimulation (Pozzan and Rizzuto, 2000). Mitochondrial 
[Ca2+] ([Ca2+]m) is estimated to be around 0.5 µM (Meldolesi and Pozzan, 1998; 
Miyawaki et al., 1997).  
 
The interaction between ER and mitochondrial handling has been suggested to play an 
important role in creating the high gradients of [Ca2+]c. ER acts as the fast acting Ca2+ 
store because of its low affinity buffering system (Rizzuto, 2001). When the ER releases 
the Ca2+ back to the cytoplasm, mitochondria situated at the mouths of release channels 
might be involved in sucking up these local high concentrations and thereby keeping 
[Ca2+]c within the physiological range (Meldolesi, 2001). Since mitochondria possess 
high capacity fixed buffers, they are able to reduce [Ca2+]c overloading and diffusion of 
the ion when it is released from the ER (Rizzuto, 2001). This function is associated with 
the constant [Ca2+] gradient requirement of mitochondria for their ultimate task of energy 
production (Simpson and Russell, 1998).  
 
4.1.2. Calcium-Dependent Calpain Activation 
Calpains are known to require Ca2+ in order to conduct their proteolytic activity. The 
mechanisms of calpain activation and activity have been studied intensively, since the 
Ca2+ requirement of calpain activity was much higher than the typical intracellular [Ca2+]. 
It has been suggested that autolysis precedes proteolytic activity of both µ- and m-
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calpain. However, the earlier suggestion that calpains are in inactive pro-enzyme form is 
not supported (Croall and DeMartino, 1991). It has been widely accepted that the limited 
autolysis of the enzyme is also Ca2+-dependent (Inomata et al., 1988). Extensive autolysis 
would ultimately inhibit the enzymatic activity; however, limited autolysis may have an 
essential regulatory function in the proteolytic activity of calpains (Croall and DeMartino, 
1991). Phosphatidylinositol has been shown to reduce the Ca2+ requirement for µ-calpain 
autolysis, thereby regulating the protease activity (Coolican and Hathaway, 1984). 
Autolysis of µ- and m-calpain has later been shown to be regulated by 
phosphatidylinositol-associated sites of the lipid membranes. Membrane association 
reduced the Ca2+ requirement for the autolysis, an event considered necessary for the 
enzyme to be functional intracellularly (Cong et al., 1989). It was also shown that the 
presence of phospholipids not only decreased the Ca2+ requirement drastically but also 
increased the specific activity of m-calpain (Chakrabarti et al., 1996). Recent studies 
investigating the structural properties of calpains reported that there are regions in the 
calpain protein that are remote from both the active site and from the Ca2+-binding site 
(Hosfield et al., 2004). Binding of Ca2+ to these functionally important regions 
determines Ca2+ requirement for calpain activation and calpain activity (Alexa et al., 
2004). Calpain was suggested to translocate to membranes in response increased [Ca2+]c 
and become activated due to the presence of high [Ca2+] and phospholipids (Suzuki et al., 
2004). Ca2+ mechanisms and calpain activity in neurons is depicted in Figure 4.1. 
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4.1.3. Model Simplifications 
The VCell model is created by simplifying the actual neuronal Ca2+ and calpain 
mechanisms. ER is known to contain a variety of Ca2+ release channels (Meldolesi, 
2001), which make up a very fine signaling mechanism. These release systems are not 
included into the model and the ER acts as a single channel, single pump system. 
Mitochondria are assumed to have a simplistic permeability transition pore, which opens 
when the [Ca2+]m reaches a certain threshold. Also, known players of the mitochondrial 
Ca2+
 
handling system such as Na+/Ca2+ exchanger are neglected (Kann and Kovacs, 
2007). There is a variety of molecular buffers in neuronal Ca2+ system (Rizzuto, 2001); 
however, these are simplified to four major buffers: ER, mitochondria, and fixed and 
diffusible cytoplasmic buffers. The model does not consider voltage differences across 
plasma membrane or intracellular membranes. Calpain activation is modeled as a 
reversible and [Ca2+]c-dependent enzymatic reaction. Calpastatin is not included in the 
model. Calpain activity is modeled as a reversible enzymatic reaction that is both 
dependent on active calpain and [Ca2+]c. 
 
4.2. MATERIALS AND METHODS 
4.2.1. Virtual Cell Model Description 
The modeling and simulation are performed using the Virtual Cell (VCell; 
http://vcell.org) biological modeling framework (Schaff et al., 1997; Slepchenko et al., 
2003). The models developed are based on literature relating to cellular calcium 
dynamics with simplifications outlined in Section 4.1. In the VCell system, simulations 
are conducted either non-spatial, called compartmental, or spatial. We used 
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compartmental simulations to check the homeostasis of the system. Additionally, we 
prepared 2-dimensional (2D) and 3-dimensional (3D) geometries of stylized axons and 
neurons. We have considered ER to be homogeneously distributed in the axon and 
modeled mitochondria either in distributed or spatially discrete forms. Surface to volume 
ratio and the volume fraction of the ER are taken from the literature and set to be 20 and 
0.15, respectively (Fink et al., 1999; Fink et al., 2000). 
  
Figure 4.2 shows the conceptual model including extracellular, cytoplasmic, ER and 
mitochondrial spaces. In the VCell system, the cell and the organelles are defined by their 
surrounding membranes and dynamic fluxes through these membranes are controlled by 
parametric equations. Pumps, channels and pores on the membranes of cytoplasm, ER 
and mitochondria are also shown in Figure 4.2. Ions and proteins are called “species” in 
the VCell system. The model contains Ca2+, bound and unbound buffers, membrane 
elements (such as pores, channels or pumps), active and non-active forms of calpain as 
different species.  
 
Plasma membrane (PM) separates the cytoplasm (cyto) from the extracellular space (EC) 
and its elements are shown in Figure 4.3. PM contains a channel (PM_channel) that is 
defined as a constant leak into the cytoplasm proportional to the [Ca2+] difference: 
 
[ ] [ ]( )cytoECPMchannelPM CaCacoefJ ++ −×= 22_
.  
PM also contains a pump (PM_pump) that is defined as a Hill-type equation and pumps 
Ca2+ out of the cytoplasm: 
114 
 
 
[ ]( )
[ ]( ) ( ) PMPM
PM
n
PMp
n
cyto
n
cytoPM
pumpPM
KCa
CaV
J
,
2
2
max,
_
+
⋅
=
+
+
, 
where Vmax is the maximum flux through the pump and Kp is the [Ca2+] resulting in the 
half maximum flux. The activities of PM_channel and PM_pump are equal and opposite 
when the [Ca2+]i and [Ca2+]e are kept at basal levels of 0.1µM and 1000µM, respectively, 
resulting in zero net flux. In addition, to simulate mechanoporation, one large and one 
small pore are included on PM. The relative permeability and opening times of these 
pores are based on an in vitro stretch injury study conducted with differently-sized 
permeability tracers (Geddes et al., 2003a). Small and large pores are modeled such that 
the flux is proportional to the concentration difference:  
[ ] [ ]( ) ( ) ( )2122 TtTtCaCacoefJ cytoECporepore <⋅>⋅−×= ++
. 
For the large pore, T2 is 1 min and the coefficient is 0.183. For the small pore, T2 is 10 
min and the coefficient is 0.029. These relative coefficients are calculated by multiplying 
the size of the tracer molecule and the reported percentage of cells that trapped this 
molecule (Geddes et al., 2003a).  
 
ER and mitochondrial membranes (Figure 4.4) contain channels and pumps modeled 
similar to the PM_channel and PM_pump. Likewise, under homeostatic conditions 
(where [Ca2+]i is 0.1 µM, [Ca2+]m is 0.5 µM, and [Ca2+]ER is 400 µM) the net flux from 
both organelles equals to zero. Additionally, the mitochondrial membrane contains the 
MPT pore which is characterized by a sudden increase in the permeability of the 
mitochondrial inner membrane to small ions and molecules leading to  complete collapse 
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of the membrane potential (Gunter et al., 1994). When [Ca2+]m reaches 100µM, the pore 
opens and Ca2+ and other ions are released to the cytoplasm (Gunter et al., 1994). 
 
Buffering of Ca2+ is modeled using mass action principle. For fixed and diffusible 
cytoplasmic buffers as well as mitochondrial and ER buffers, the reversible reaction is 
defined as 
 
[ ] [ ] [ ]BufCaKCaBufKJ rfbuffering ⋅−⋅⋅= +2
, 
where Kf and Kr are the forward and backward rate constants, respectively, and [Buf] and 
[BufCa] are the concentrations of unbound and bound buffers, respectively. For all buffer 
reactions, parameters are adjusted such that the net reaction is zero under homeostatic 
conditions. The activation of calpain is Ca2+-dependent and modeled as a combination of 
Michaelis-Menten and mass action kinetics: 
 
[ ] [ ][ ] [ ]calpactKKCa
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2
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where Kf,calp and Kr,calp are forward and backward rate constants, respectively, [calp] and 
[act_calp] are the concentrations of inactive and active calpain, respectively, and Km,1 is 
the [Ca2+] at half maximum activation rate. Calpain activity is an enzymatic reaction that 
is also Ca2+-dependent. Imaginary substrate and products of calpain activity are used to 
evaluate enzymatic activity of calpain. Calpain activity is modeled as 
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where Km,2 is the [substrate] at half maximum enzyme activity, Km,3 is the [Ca2+] at half 
maximum enzyme activity, and Jrev,calp is the reverse activity rate that produces zero net 
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activity at homeostatic conditions. A schematic representation of cytoplasmic reactions is 
given in Figure 4.5.  
 
Parameters for fluxes and enzymatic reactions are either acquired from a variety of 
references as described in Section 4.1 or calculated based on the acquired parameters. In 
those cases where the experimental data is not available, parameters are investigated 
using the model. Parameters used in the model are shown in  
 
 
 
Table 4.1.  
 
4.2.2. Description of Model Geometry 
Compartmental VCell models can become spatial models when geometric entities are 
assigned to compartments. To study the effect of reducing the geometric model from 3D 
to 2D geometries with similar properties were created. The 3D axon is a cylinder with 
2µm diameter and 80µm length, placed in the middle of a 2.2µm thick, 80µm long 
cylindrical extracellular space. 2D axon model consists of a 2µm x 80µm rectangle 
placed in the middle of a rectangular extracellular space (2.2µm x 80µm rectangle). The 
area of the 2D axon geometry is subdivided into 0.129µm x 0.133µm rectangular 
elements reaching a total number of 10,200. To study the effect of the shape, size, and the 
density of the mitochondria on Ca2+ handling, a total of 10 2D axon geometries were 
created.  
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Table 4.2 shows the different mitochondrial geometries studied. To study the effect of 
geometry reduction (from a 2D neuron to a 2D axon), a neuron composed of a 10µm-
radius circle and 2µm by 100µm rectangle was created.  
 
 
4.2.3. Model Availability to Public 
All models used in this work are publicly available in the Virtual Cell modeling 
environment. To access, view, or copy the models described, the reader needs to log on to 
the Virtual Cell (free registration is required), and to choose “File > Open > BioModel”. 
In the BioModel Database dialog, all models can be found in the Shared Models directory 
under the folder “kilincde”. 
 
4.3. RESULTS  
4.3.1. Model Reduction to 2D Axon Geometry 
The number of elements of a 3D axon model is very large compared to the 2D axon 
model (173,400 vs. 10,200 elements) making simulations excessively long to complete. 
Therefore, a reduction from 3D to 2D was necessary. In order to understand the effect of 
this reduction, a simulation with 3D axon geometry was conducted using a 3D cylindrical 
axon containing cylindrical mitochondria. . Ca2+ and calpain behavior of the model is 
similar in axon and neuron models. When the 3D axon geometry is used with the same 
pore strength, the values for [Ca2+]c, [act_calp], and [prod] are found to be less than the 
values for the 2D axon geometry. A pore strength of 0.3 with the 3D axon geometry 
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corresponds to a pore strength between 0.05 and 0.07 with the 2D axon geometry (Figure 
4.6). 
 
Similarly, the number of elements of a 2D neuron model is very large compared to the 
2D axon model (142,800 vs. 10,200 elements). A 2D neuron geometry containing one 
large circular mitochondrion located at the center of a circular soma and rectangular 
mitochondria along the rectangular axon were created. The area ratio of the mitochondria 
was adjusted to the ratio of the 2D axon geometry. Ca2+ and calpain behavior of the 
model is similar in axon and neuron models. When the 2D neuron geometry is used with 
the same pore strength, the values for [Ca2+]c, [act_calp], and [prod] are found to be less 
than the values for the 2D axon geometry. A pore strength of 0.3 with the 2D neuron 
geometry corresponds to a pore strength between 0.2 and 0.25 with the 2D axon 
geometry (Figure 4.7). Interestingly, the 3D axon geometry produces a narrower peak 
that rises faster than the initial peak of 2D axon geometry. 
 
4.3.2. Poration Results in Calcium Increase and Calpain Activation 
Two examples will be given to describe intracellular events that take place following 
mechanoporation in the model axon. The only difference between these two examples is 
the increase in pore strength from 0.2 to 0.3. When the poration starts, Ca2+ rushes into 
the cytoplasm and is immediately being buffered and taken up by the mitochondria and 
by the ER. Both fixed and diffusible cytoplasmic buffers saturate sharply during this 
initial period. Ca2+ taken up by mitochondria is immediately buffered by mitochondrial 
buffers, resulting in a slow increase in the [Ca2+]m. However, the uptake occurs in a faster 
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pace than buffering in the ER and therefore [Ca2+]ER increases steadily. Ca2+ coming 
through the small pores is absorbed by these organelles and when [Ca2+]m reaches 
100µM, MPT pore opens and releases bursts of Ca2+ into the cytoplasm. These bursts 
push [Ca2+]c up, also affecting cytoplasmic buffering. However, the pores close before 
[Ca2+]c reaches 100µM. Following pore closure, excess Ca2+ in the cytoplasm and 
mitochondria is sequestered to the ER and concentrations reach a balance. While Ca2+ is 
constantly extruded via PM pumps, a downward trend in [Ca2+]ER is observed. Calpain 
activation closely follows [Ca2+]c as expected. Product concentration, the measure of 
calpain activity, increases quickly during the initial period. The secondary increase in 
[Ca2+]c due to release through MPT pores is not enough to incite a significant calpain 
activation and product concentration is not affected. The plots of calcium, buffer, calpain, 
and product concentrations as well as membrane fluxes and calpain activity over a 30 min 
time period are given in Figure 4.8. 
 
A 50% increase in the pore strength changes this picture significantly. The initial period 
where the large pores are open results in a sharp rise in the [Ca2+]c reaching to values 
slightly higher than in the case of low pore strength. Ca2+ is taken up by the organelles, 
where it is buffered. As in the case of low pore strength, buffering is faster than the 
uptake in mitochondria but not in the ER, resulting in a fast increase in the [Ca2+]ER and a 
slow increase in the [Ca2+]m. However, with the increased pore strength, mitochondrial 
buffers saturate earlier than pore closure, resulting in high [Ca2+]m reaching beyond 
100µM. At the same time cytoplasmic buffers who were in the process of recovering 
increase again and reach their saturation. The increase in the [Ca2+]c due to small pore 
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which remain open cannot be buffered any more as the buffering capacities of 
cytoplasmic and mitochondrial buffers were already reached their limits and 
sequestration into the ER is too slow to withstand to this increase. Therefore, [Ca2+]c and 
[Ca2+]c keep increasing. Opening of MPT is not significant since both compartments have 
similar [Ca2+] and they keep rise until the small pores close at 600s. MPT pores keep the 
[Ca2+] similar in these compartments. Calpains get activated due to this secondary 
increase in the [Ca2+]c and remain active for most of the analysis time. Subsequently, 
concentration of calpain activity products surpasses the levels reached in the case of low 
pore strength. The plots of calcium, buffer, calpain, and product concentrations as well as 
membrane fluxes and calpain activity over a 30 min time period are given in (Figure 4.9). 
 
4.3.3. The Effect of Pore Strength and Calpain Dynamics 
There are two aspects of the model that requires further investigation. One of these 
aspects is the simulation of the poration. Poration is modeled according to the 
experimental results reported in the literature. However, the information on the pore 
opening periods and sizes is only relative and therefore needs to be a variable. Pore 
strength is controlled with the concentration of the fictional pore molecules on the 
membrane. Five pore strength values have been used to optimize the model: 0.05, 0.1, 
0.2, 0.3, and 0.5. The other aspect is the activation and the activity of the calpain. Calpain 
activation is controlled by fixing the forward rate constant Kf,calp and varying the reverse 
rate constant Kr,calp. Four Kr,calp values have been used to optimize the model: 1, 10, 50, 
100. Calpain activity is measured by introducing a fictional reaction involving a single, 
non-diffusible substrate; therefore the parameters of the activity equation rely on 
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activation dynamics. Initial value of activated calpain concentration ([act_calp]) and 
reverse activity rate Jrev,calp are adjusted to keep the balance with variable Kr,calp. 
 
The change in [Ca2+]c and [Ca2+]m over time for different pore strengths are shown in 
Figure 4.10. Pore strength drastically affects calcium levels, especially at 0.3 and above. 
The brief response to the large pores that stay open for 1min and a secondary response to 
small pores with large opening period can be detected as distinct peaks in the [Ca2+]c 
graph. Mitochondria start to buffer calcium beginning with the opening of large pores and 
continue until the buffer is saturated. In pore strengths lower than 0.3, [Ca2+]m does not 
exceed 100µM, which is the threshold concentration for the MPT pore. Ca2+ is released to 
the cytoplasm from the mitochondria while the MPT pore is open. The effect of pore 
strength and Kr,calp on activated calpain levels was investigated. For fixed Kr, pore 
strength determines whether a secondary increase in [act_calp] will occur (Figure 4.11). 
However, the effect of Kr is not as drastic as the effect of pore strength. For fixed pore 
strength, small values of Kr keeps calpain active even while [Ca2+]c levels are low (Figure 
4.11). These phenomena are also reflected in the [product], the arbitrary measure of 
calpain activity. Pore strength determines whether and to what extent the product would 
increase. Since [act_calp] is zero for low pore strengths, the initial increase in [product] is 
limited and the secondary increase does not exist. High pore strengths result in the 
saturation of [product] (Figure 4.12). Decreasing Kr shifts the [product] vs. time curve to 
left, attenuating the de-activation of calpain and thereby eliminating the plateau of the 
product curve (Figure 4.12). The combined effect of pore strength and Kr on [act_calp] 
and [product] is shown as 3-D graphs in Figure 4.13. 
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4.3.4. The Effect of Mitochondria Geometry 
As mitochondria are shown to be involved in [Ca2+] and calpain “hot spots” that underlie 
bead locations, the effects of shape, size and spacing of mitochondria has been 
investigated using the VCell model. For these analyses, the pore strength and the reverse 
rate constant for calpain activation was chosen to be 0.3 and 50, respectively. For the 2D 
geometry, the length (L) and the diameter (d) define the shape of the mitochondria, as 
described in Section 4.2.2 and shown in  
 
Table 4.2. The second peak of the [Ca2+]c vs. time curve increases with increased 
circumference-to-area ratio or elongated, thin mitochondria (Figure 4.14). Size of 
individual mitochondria does not affect [Ca2+]c response significantly (Figure 4.14). 
However, increased distance between mitochondria (or lesser density of mitochondria) 
results in increased second peak in the [Ca2+]c vs. time curve, showing that mitochondria 
play an important role in sequestrating Ca2+ during slow rise due to small pores that are 
responsible for the second peak (Figure 4.14).  
 
Spatially defined mitochondria do not show an initial peak in [Ca2+]m as in the case of 
diffuse mitochondria. The second peak decreases for thick, short mitochondria (Figure 
4.15). Length of individual mitochondria as well as the distance between mitochondria 
determines whether [Ca2+]m will rise above the threshold concentration for MPT pore, 
100µM (Figure 4.15). When analyzed in combination with [Ca2+]c results, these findings 
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demonstrate that Ca2+ is accumulated in mitochondria rather than in cytoplasm, 
depending on the shape, size, and density of these organelles. 
 
The effect of mitochondria geometry on calpain activation and activity was also 
investigated. Thin, elongated mitochondria exhibit sharper decreases in [act_calp] 
following the closure of large pores but they also exhibit faster secondary increases due 
to Ca2+ leak through small pores (Figure 4.16). However, these changes do not 
significantly alter calpain activity, measured by [product] over time (Figure 4.16). With 
short and thick mitochondria, [act_calp] drops significantly, indicating a protective 
mechanism for axons, such that calpain-induced degeneration could be blocked by 
rounded mitochondria (Figure 4.16).  As in the case of [Ca2+]m, size of individual 
mitochondria determines whether a sustained activation of calpain will occur (Figure 
4.17). However, these changes do not significantly alter calpain activity products either, 
since most of the activity occurs due to the initial activation of calpains, rather than the 
secondary, sustained activation (Figure 4.17). The density of mitochondria affects the 
level of second activation drastically. Denser mitochondria inhibit the elevation of 
[act_calp] and significantly alter the activity or [product] (Figure 4.18).  
 
4.3.5. The Effect of Focal Poration 
In order to understand whether focal poration induces changes in the Ca2+/calpain 
response, VCell simulations were conducted with putting constraints on the membrane 
pores. Analyses were conducted for both diffuse and spatially discreet mitochondria. 
Three different pore sizes (1µm, 2µm, 4µm) and three different pore distances (8µm, 
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12µm, 20µm) were used in a parametric study. For all combinations, total pore strength 
was adjusted to match values of global poration. Results revealed that focal poration did 
not alter [Ca2+]c, [act_calp], or [product] significantly. To demonstrate this finding, active 
calpain concentration at 10 min post-injury and product concentration at 30 min post 
injury is plotted against pore size and distance (Figure 4.19). These results show that in 
the VCell model, global and focal poration results are very similar and calpain activation 
and subsequent calpain activity is independent of the mode of poration.  
 
 
4.3.6. Simulation of Poloxamer 188 Treatment 
VCell model was further utilized in order to simulate P188 experiments discussed in 
Chapter 3.1.5. Post-injury P188 treatment is assumed to be effective at the time of 
addition (5 min) and to block the poration completely. A simulation was conducted (pore 
strength = 0.3 and calpain activation reverse rate constant = 50) with reducing the 
opening period of small pores T3 to 300s from 600s. When compared with a simulation 
using the same parameter set except T3, P188 treatment inhibits secondary [Ca2+] 
increase and secondary calpain activation resulting in decreased calpain-activity product 
concentration (Figure 4.20), a finding that matches with experimental results.  
 
4.4. DISCUSSION 
The VCell-based physiological model is an attempt to understand the underlying physical 
phenomena associated with mechanoporation-induced neuronal calcium and calpain 
mechanisms. Mechanoporation was simply modeled as the opening of two imaginary 
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pore sizes, based on the literature values (Geddes et al., 2003a), where large pores remain 
open for a short period and small pores remain open for a larger period. The model 
contains intracellular organelles, mitochondria and ER, as separate compartments and 
includes fixed and diffusible buffers. The VCell system enables to monitor concentrations 
of calcium, buffers, calpain, as well as, the various fluxes and reaction rates. Pore 
opening results in Ca2+ influx due to the steep gradient of [Ca2+] across the plasma 
membrane. The model was reduced to have 2D axon geometry because of the increased 
computational time due high element numbers. Reducing the model from 2D neuron to 
2D axon geometry slightly increased the [Ca2+]
 
while giving similar results. Reduction 
from the 3D axon geometry resulted in more pronounced [Ca2+] increase and in a broader 
peak for the [Ca2+]c, a significant contribution to the overall results. However, the effects 
of pore strength, calpain dynamics, mitochondrial shape, size and density and focal 
poration were investigated using the 2D axon geometry. 
 
The initial influx of Ca2+ due to the opening of the large pores is buffered immediately by 
diffusible and non-diffusible cytoplasmic buffers. However, when the poration is high, 
the influx is faster than the buffer reactions and the [Ca2+]c increases sharply. Calpain 
activation takes place during this initial increase in the [Ca2+]c and depending on the 
activation/deactivation dynamics, a limited calpain activity is observed following the 
poration. Intracellular organelles take up Ca2+ from the cytoplasm. Mitochondria take up 
Ca2+
 
faster due to their high pump equation parameters. Mitochondria also possess a fast 
buffering system and the Ca2+ that is taken up during this early increase in the [Ca2+]c is 
effectively buffered. In the ER, Ca2+ uptake is slower than buffering and this results in 
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the elevated [Ca2+]ER. In essence, the abundance of mitochondrial buffers determine the 
increase in the [Ca2+]c due to Ca2+ influx from extracellular. If the buffering capacity is 
reached by sustained Ca2+ influx, mitochondrial as well as cytoplasmic [Ca2+]
 
levels 
increase. Depending on the amount of Ca2+ overload, MPT may occur and keep [Ca2+]m 
at the set concentration.  
 
Due to diffusion, there are no large variations in the [Ca2+]c along the mitochondria. In 
the very early period when the pores are open, due to the presence of mitochondria, Ca2+ 
buffering is non-homogeneous due to the physical presence of mitochondria. This spatial 
heterogeneity is only observed when the pore opening period was limited to tens of 
milliseconds. As the large and small pores stay open for 1 and 10 minutes, respectively, 
the simulation results exhibit a spatially uniform calcium distribution. This finding does 
not match with the experimental results presented in Chapter 3.3.6.  
 
The extent of the poration, controlled with the parameter pore strength, determines 
whether a secondary, sustained [Ca2+]c rise and subsequent sustained calpain activation 
will occur. There is a limited amount of Ca2+ that the neuron can handle with cytoplasmic 
and mitochondrial buffering. As all neuronal buffer systems work towards returning 
cytoplasmic [Ca2+] at basal levels, [Ca2+]c does not have a sustained increase when this 
limit is not reached. Buffered Ca2+ is pumped out of the cytoplasm via PM pumps while 
keeping [Ca2+]c near physiological levels. However, when this limit is surpassed, Ca2+ 
overload saturates buffer systems and causes [Ca2+]c to rise. Activation of m-calpain, the 
main calpain type located in the axons, requires high [Ca2+]c (KP = 325µM, (Hosfield et 
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al., 2004), that is only sustained when the aforementioned limit is reached. On the other 
hand, the activation dynamics of calpain has a limited effect on the poration-induced 
activation and activity. With a low reverse rate constant, activated calpain stays active for 
longer periods, thereby increasing the proteolytic damage for longer periods.  
 
As mitochondria play a very important role in determining the temporal dynamics of the 
calcium/calpain system following poration, the effect of mitochondrial geometry was 
investigated. Mitochondrial surface-to-volume ratio affects the total rate of Ca2+ uptake 
and determines whether the buffering limit is reached. With thin, elongated shapes the 
capacity of sequestration and buffering of mitochondria is limited compared to round 
mitochondria. Interestingly, rounded mitochondria are usually associated with 
pathological states (Kann and Kovacs, 2007) and often observed in damaged neurons 
following TAI (Maxwell et al., 1997). Mitochondria with granular shape was associated 
with axons rather than dendrites and somata and suggested to influence their capability to 
act as local Ca2+ buffers (Kann and Kovacs, 2007). It was also shown that local 
elevations of [Ca2+] would stop axonal transport of mitochondria (Rintoul et al., 2003), a 
mechanism for enhancing the Ca2+ uptake at places of Ca2+ influx (Yi et al., 2004). The 
finding that round mitochondria can take up and buffer Ca2+ more effectively than 
elongated mitochondria suits with this suggested mechanism. As expected, model results 
showed that the denser the mitochondria, the higher is their total buffering capacity and 
the smaller is the [Ca2+]c. In essence, the shape and the density of axonal mitochondria 
have a significant effect on the calcium/calpain response in porated axons by changing 
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the Ca2+ uptake and buffering effectiveness of mitochondria, a property that determines 
calpain activation and activity drastically. 
 
Simulations with focal poration resulted in spatially homogeneous [Ca2+]c distribution 
due to the fact that with increased pore opening periods, local gradients are not sustained. 
Even when the MPT open and [Ca2+]c increases around mitochondria, the extent of focal 
[Ca2+]c increase is very limited and cannot induce heterogeneous calpain activation or 
activity. Focal [Ca2+]i gradients and focal calpain activity was reported in Chapter 3.3.6; 
however the VCell model was not able to mimic focal phenomena. The model should be 
extended to include further aspects of intracellular Ca2+ mechanisms and investigate 
different forms of poration in order to match experimental results.  
 
In order to mimic post-injury P188 activation, a simulation was conducted with the pore 
closure time reduced to 5 min from 10 min post-injury, with the assumption that P188 
would be effective immediately and completely block the pores. Results show that early 
pore closure blocks the secondary increase in the [Ca2+]c, which is due to the excess Ca2+ 
that could not be buffered in the mitochondria. The immediate drop in the secondary 
[Ca2+]c due to abrupt pore closure results in a sharp decrease in the active calpain 
concentration, which in turn blocks any further proteolysis by calpains. Due to the nature 
of calpain activity modeling, the substrate is only abundant for the initial phases of the 
simulation and does not reflect the calpain activity that occurs over extended periods of 
time. Therefore, the concentration of the active calpain could be used as a better handle to 
estimate the effectiveness of P188 in blocking the calpain-mediated damage to the axon. 
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Cell physiological modeling requires a lot of experimental evidence to successfully 
represent the chemical and physical processes that take part in the cell. Numerical data in 
the field of neuronal Ca2+ mechanisms is limited and usually depends on the experimental 
methods employed. In some cases, the data is simply missing and needed to be estimated. 
The model presented in this work should be considered an attempt for modeling the 
initial [Ca2+]
 
response of the neurons to excessive poration, not the fine Ca2+ signaling 
mechanisms that neurons possess. The model may be used for enhancing the 
understanding on the relative contributions of individual elements of the system, such as 
organelles or buffers. Future studies should investigate potential poration mechanisms 
that would induce sustained elevation in the [Ca2+]c and focal hot spots, both observed 
experimentally. 
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Table 4.1: VCell Model Parameters. c: cytoplasm; m: mitochondria; Kf: Forward rate constant; Kr: 
Reverse rate constant; n: Hill coefficient; Vmax: Maximum rate; KP: [Ca2+] for half maximum rate; 
References: 1(Blaustein, 1988); 2(Carafoli, 1987); 3(Meldolesi and Pozzan, 1998); 4(Miyawaki et al., 
1997); 5(Carafoli, 2004); 6(Gunter et al., 1994); 7(Kowalewski et al., 2006); 8(Palecek et al., 1999); 
9(Wang, 1953); 10(Klingauf and Neher, 1997); 11(Allbritton et al., 1992); 12(Patterson et al., 2007); 
13(Neher and Augustine, 1992); 14(Gil et al., 2000); 15(Xu et al., 1997); 16(Pivovarova et al., 1999); 
17(Donoso et al., 1995); 18(Cong et al., 1989); 19(Hosfield et al., 2004). 
 
 Parameter Value Unit Reference 
Baseline 
Concentrations 
[Ca2+]c 0.1 µM 1, 2 
[Ca2+]ER 400 µM  3, 4 
[Ca2+]m 0.5 µM 3, 4 
[Ca2+]EC 1000 µM  5, 6, 7 
[calpain] 1 µM 8 
Diffusion 
Coefficients 
Ca2+EC 700 µm2·s-1 9 
Ca2+c 220 µm2·s-1 10, 11 
Buffers 15 µm2·s-1 10, 12 
Calpain 8 µm2·s-1 estimated 
Buffer 
Equations 
Kf,cyto,diff 100 µM-1·s-1 13 
Kr,cyto,diff 500 s-1 13 
Kf,cyto,fix 500 µM-1·s-1 14, 15 
Kr,cyto,fix 5000 s-1 14, 15 
Kf,m 100 µM-1·s-1 16 
Kr,m 1000 s-1 16 
Kf,ER 0.008772 µM-1·s-1 17 
Kr,ER 10 s-1 17 
Pump 
Equations 
nPM, nm 2 1 7 
VmaxPM 0.059994 µM·µm3·molecules-1·s-1 calculated 
KP,PM 0.2 µM 7 
Vmaxm 16.111442 µM·µm3·molecules-1·s-1 12 
KP,m 5 µM 12 
nER 1 1 7 
VmaxER 1.895526 µM·µm3·molecules-1·s-1 7 
KP,ER 0.5 µM 7 
Channel 
Equations 
coefPM 1.20E-05 µm3·molecules-1·s-1 7 
coefm 0.016105 µm3·molecules-1·s-1 calculated 
coefER 7.90E-04 µm3·molecules-1·s-1 calculated 
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Table 4.1 (continued) 
 Parameter Value Unit Reference 
Calpain 
Activation 
Kf,calp 100.126 s-1 arbitrary 
KP,calp1 385 µM 18 
Kr,calp Trial s-1 - 
Calpain 
Activity 
Vmaxcalp 2.002616 µM·s-1 8 
KP,calp2 100 µM arbitrary 
KP,calp3 325 µM 19 
Jrev,calp Trial µM·s-1 calculated 
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Table 4.2: Different configurations of mitochondrial geometry in 2D axon model. Geometries 1, 2, 3, 
and 4 are for studying the effect of mitochondrial shape. Geometries 1, 5, 6, and 7 are for studying 
the effect of mitochondria length. Geometries 1, 8, 9, and 10 are for studying the effect of 
mitochondrial density. 
 
Geometry Size Distance Area Ratio 
1 2µm x 1µm 10µm 0.1 
2 4µm x 0.5µm 10µm 0.1 
3 8µm x 0.25µm 10µm 0.1 
4 diffuse - - 
5 1µm x 1µm 5µm 0.1 
6 3µm x 1µm 15µm 0.1 
7 4µm x 1µm 20µm 0.1 
8 2µm x 1µm 6µm 0.167 
9 2µm x 1µm 15µm 0.067 
10 2µm x 1µm 20µm 0.05 
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Figure 4.2: Virtual Cell conceptual model. The model consists of the extracellular space (EC), 
cytosplasm (cyto), endoplasmic reticulum (ER), and mitochondria (mitos). Ca2+ occupies all of these 
compartments. Mitochondria and ER have their own bound and unbound buffer molecules. 
Cytoplasm contain diffuse and fixed buffers (with bound and unbound forms), inactive and activated 
calpain, as well as the imaginary substrate and product. Membranes contain channels, pumps, and 
pores. 
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Figure 4.3: Plasma membrane (PM) contains a channel and a pump that counter-balance each other 
under homeostatic conditions. Large and small pores are modeled based on the literature. The 
elements that are depicted as the catalysts of the reactions represent the “amounts” of these channels, 
pumps, and pores. 
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Figure 4.5: Reactions modeled in the cytoplasm include the buffering of Ca2+ with the diffusible and 
fixed cytoplasmic buffers (cytodiff and cytofix, respectively), the activation of calpain, and the 
proteolytic activity of activated calpain that converts the substrate to the product. 
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Figure 4.6: Comparison of 2D neuron geometry with 2D axon geometry. Characteristics of calcium 
and calpain curves are very similar for both geometries. However, same pore strength produces 
higher levels in the 2D axon model. A pore strength of 0.3 in the 2D neuron geometry corresponds to 
a pore strength between 0.2 and 0.25 in the 2D axon model. 
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Figure 4.7: Comparison of 3D axon geometry with 2D axon geometry. Characteristics of calcium and 
calpain curves are similar for both geometries. However, same pore strength produces much higher 
levels in the 2D axon model. A pore strength of 0.3 in the 3D axon geometry corresponds to a pore 
strength between 0.05 and 0.07 in the 2D axon model. A remarkable difference between the two 
geometries is that the 3D geometry produces a narrower peak that rises faster. 
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Figure 4.10: Change in cytosolic and mitochondrial [Ca2+] levels over time for different pore strength 
values. Pore strength drastically affects calcium levels. The brief response to the large pores and a 
secondary response to small pores with large opening period can be detected as peaks in the [Ca2+]c 
graph. Mitochondria start to accumulate calcium after the closure of large pores. In low pore 
strengths [Ca2+]m does not exceed 100µM, the threshold for the mitochondrial permeability transition 
pore, since Ca2+ is released to the cytoplasm.  
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Figure 4.11: Change in activated calpain concentration over time for different pore strengths (Kr = 
50) and reverse rate constants of calpain activation (Pore strength = 0.3). Pore strength drastically 
alters active calpain levels. Similar to the [Ca2+]c graph, [act_calp] has an initial peak and a late peak. 
Pore strengths smaller than 0.3 do not have significant levels of active calpain at this Kr value. Small 
values of reverse rate constant (Kr) help calpain to remain active even while [Ca2+]c levels are low. 
Large values of Kr follow the [Ca2+]c graph more closely. 
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Figure 4.12: Change in product concentration over time for different pore strengths (Kr = 50) and for 
different reverse rate constants of calpain activation (Pore strength = 0.3). Pore strength drastically 
shifts the product curve. Similar to the [Ca2+]c graph, product concentration increases sharply with 
the opening of large pores, followed by a plateau and a secondary increase for higher pore strengths. 
For the smallest Kr value, the product saturates around 10 min post-injury. 
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Figure 4.13: Combined effect of pore strength and calpain de-activation rate constant on active 
calpain and product concentrations at 10 min post-injury. A. High pore strength and low de-
activation rate synergistically increase active calpain concentration. B. Product concentration is a 
measure for cumulative calpain activity. High pore strength and low de-activation rate 
synergistically increase product concentration. 
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Figure 4.14: Change in cytosolic calcium levels over time for different mitochondria shapes, sizes and 
densities (spacing). Second but not the first peak is affected by the change in the shape. Increased 
circumference-to-area ratio (increased length) results in higher levels of [Ca2+]c. The density of 
mitochondria was kept constant when changing the size. Size of individual mitochondria does not 
affect [Ca2+]c response significantly, except for the smallest size (highest circumference-to-area ratio). 
Increased distance between mitochondria results in increased second peak in the [Ca2+]c without 
affecting the initial peak. 
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Figure 4.15: Change in mitochondrial calcium levels over time for different mitochondria shapes, 
sizes and density. Only diffuse mitochondria exhibit the initial peak. The second peak depends on the 
circumference-to-area ratio of the mitochondria. [Ca2+]m rises above 100µM only in short or in 
sparse mitochondria. [Ca2+]m is limited to 100µM in longer or more densely packed mitochondria. 
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Figure 4.16: Change in active calpain and product concentrations over time for different 
mitochondria shapes. Elongated mitochondria exhibit sharper decreases and faster recovery in 
[act_calp]. With short and thick mitochondria, [act_calp] drops significantly. Product concentration, 
the measure of calpain activity, is similar for both elongated and rounded mitochondria. 
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Figure 4.17: Change in active calpain and protein concentrations over time for different sizes of 
mitochondria. Sustained calpain activation occurs only for the shortest mitochondria studied. 
Product concentration, the measure of calpain activity, is similar for both short and long 
mitochondria. 
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Figure 4.18: Change in active calpain and product concentrations over time for different 
mitochondria density. Denser packing of mitochondria exhibits low levels of activated calpain and 
significantly reduces calpain activity. 
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Figure 4.19: Activated calpain at 10 min and product concentration at 30 min post-injury with 
variations in pore size and pore spacing. Calpain activation and activity do not depend on the 
parameters of focal poration. 
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Figure 4.20: Simulation of post-injury P188 treatment. P188 is assumed to be effective at 5 min and 
to block the poration completely. Treatment inhibits the second peak in cytoplasmic calcium 
concentration, which in turn inhibits the second peak of the activated calpain concentration. The 
effect of this virtual treatment on the product of calpain activity is significant, resulting in 
approximately 2/3 of the original simulation. 
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CHAPTER 5: CONCLUSIONS 
 
 
 
5.1. SUMMARY OF PRINCIPLE FINDINGS 
An in vitro model of TAI was developed by applying FSSI to cultured CFNs. Mechanical 
injury induced mechanoporation as determined by the influx of a membrane permeability 
marker. Mechanoporation resulted in a steady rise in the [Ca2+]c and sustained calpain 
activity. FSSI caused focal disruption of MTs and axonal bead formation. Axonal beads 
contained accumulated organelles including mitochondria and their locations correlated 
with the foci of MT disruption. Hot spots of [Ca2+] and calpain activity were also co-
localized to these foci, which constituted future bead locations. These findings suggest 
that mechanical injury induces membrane damage that results in [Ca2+] overload and 
subsequent calpain activation. Focal calpain activity might be the underlying factor for 
the focal disruption of MTs and axonal transport impairment. Alternatively, focal 
disruptions of MTs might be explained by their heterogeneous structure and bundling. In 
favor of the former hypothesis, intra- and extra-cellular chelation of Ca2+ inhibited 
calpain activity and blocked axonal beading. Similarly, the inhibition of calpain activity 
by a specific inhibitor blocked axonal beading.  
 
The neuroprotective ability of P188 was also investigated. Post-injury application of 
P188 blocked the increase in the membrane permeability and reduced axonal beading to 
the levels of sham controls. P188 also blocked Ca2+ increase, calpain activity and focal 
disruption of MTs. These results are very promising in terms of a therapeutic potential of 
P188 and further provide evidence for the mechanoporation hypothesis. A cell 
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physiological model was developed using the VCell modeling environment in order to 
investigate the effect of poration pattern and mitochondria geometry on the Ca2+-
dependent calpain activity. The strength of poration and the shape and the density of 
mitochondria are found to affect the fate of the neurons according to the model. Overall, 
the principle findings presented in this work suggest that traumatic injury on cultured 
primary neurons results in mechanoporation-induced Ca2+ overload and subsequent 
activity of calpains causes focal cytoskeletal disruption which underlies focal axonal 
beading, the hallmark morphology of in vivo DAI. Moreover, this work is a solid addition 
to the growing literature suggesting that the repair of the plasma membrane is an effective 
therapeutic approach to mitigate the effects of traumatic injury.  
 
5.2. IMPLICATIONS OF THE CURRENT STUDY 
The scientific contribution made by the current study to the field of neurotrauma is 
outlined in the preceding section. Several specific contributions are worth mentioning. 
There is a variety of in vitro models of TAI/TBI in the literature. However, the injury 
model presented in this study is unique in the sense that it combines uniform fluid shear 
stress injury and primary neuron culture. This model provides in vitro injury that mimics 
important aspects of in vivo DAI, such as mechanoporation, focal cytoskeletal disruption, 
and axonal beading. The injury device, acquisition system and embryonic neuron culture 
could be easily obtained or replicated, thereby enabling different research groups to study 
the effects of the neuroprotective agent of their choice. 
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The image analysis algorithms are given in detail in Appendix A and are freely available 
to be used in a standard Matlab environment. The axonal bead quantification program is 
unique in its approach to the challenging task of detecting a focal swelling and provides a 
measure for beading along individual axons. This morphological tool can be easily 
modified to suit other neuroscience applications that need interactive, image-based 
analysis.  
 
Finally, the VCell model provides a simplistic model of axonal calcium/calpain system. 
The model consists of intracellular organelles, buffer systems, channels and pump and its 
values are based on literature values. This model can be incorporated in an endless 
variety of modeling studies by simply copying from the database and modifying the 
properties and/or elements of the system. 
 
5.3. FUTURE WORK 
There are a number of potential extensions to this work. It was shown that mechanical 
injury induces focal disruptions in the MT structure that co-localize with axonal beads. It 
was also shown that when MTs are depolymerized by the application of vinblastine the 
neurons quickly form axonal beads. It is not known whether the bead locations follow a 
specific pattern in response to the global depolymerization or are randomly distributed 
throughout the axon. It was shown that focal [Ca2+]
 
and calpain activity hot spots 
correlated with axonal mitochondria, suggesting that an imbalance in the Ca2+ system 
might be responsible for the elevated [Ca2+]
 
around mitochondria. One direction of 
research might investigate these phenomena.  
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In contrast to the previous reports, this study did not show an immediate increase in the 
[Ca2+]c following mechanoporation. However, [Ca2+]c was shown to exhibit a steady rise 
that reminds a channel activity. One can also speculate that sustained focal hot spots 
could be only possible with continuous influx through plasmalemmal or mitochondrial 
channels. Another direction of research might be on using different channel blockers and 
investigate their effect on the [Ca2+]c as well as the overall outcome of the injury as 
measured by axonal beading. 
 
There might be extensions of this work at different levels. P188 could be tested in an 
animal model that reports mechanoporation-induced neuronal loss. On the modeling side, 
the VCell model can be extended to include further details of neuronal Ca2+/calpain 
system and other signaling pathways. 
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APPENDIX A: MATLAB PROGRAM CODES 
 
 
 
Matlab programs presented in this thesis were created using Matlab programming 
language, a mathematical scripting language that is similar to C++. Matlab version 
7.0.0.19920 (R14) was used. A computer equipped with Intel Pentium 4 processor (2.40 
GHz) and 512 MB memory is sufficient to run these programs in negligible time. Matlab 
program codes are kept in so called m-files, which can be edited in any text editor. All 21 
m-files that are required for beading analysis, microtubule analysis, and co-localization 
analysis programs are given in the order of use. 
 
beadingforcoloc.m 
clear; 
disp 'Welcome TBI version 1.0'; 
filename = input('Please enter input file name? >','s'); 
rawImage = imread(filename); 
cleanedImage = cleanup(rawImage);  
negativeImage = imcomplement(cleanedImage);  
thresholdedImage = thresholding(negativeImage);  
selectedImage = selector(thresholdedImage); 
filledImage = filling(selectedImage); 
trimmedImage = trimming(filledImage);  
S = spine(trimmedImage);  
disp 'beading before filter'; 
Z = beadcount(filledImage, S) 
disp 'beading after filter'; 
Z = beadfilter(Z) 
savefile = sprintf('locbead_%s.mat', filename); 
save(savefile, 'Z') 
C = beadcategorize(Z); 
 
cleanup.m 
function returnImage = cleanup(inp) 
idealmean = input('What should the mean pixel value be? Enter 0 if not specified '); 
tstButton='n'; 
disp 'Cleanup> Please select areas to cleanup';  
while(tstButton == 'n') 
 inp = imresize(inp, 3/2); 
 inp = roifill(inp); 
 imshow(inp); title 'Current Clean Image'; 
 inp = imresize(inp, 2/3); 
 tstButton = input('Stop Cleanup?','s'); 
end 
if idealmean ~= 0 
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 inp = imadd(inp, (idealmean - mean2(inp))); 
end 
returnImage = inp; 
 
thresholding.m 
function returnImage=thresholding(inp) 
disp 'Thresholding> Please select appropriate parameter'; 
para=0.15; 
while(para ~= 1000) 
 para 
 LEVEL = graythresh(inp); 
 tempImage = im2bw(inp, LEVEL + para);    
 imshow(tempImage);  
 para = input('Stop Thresholding? (enter 1000 to quit) ','s'); 
 para = str2num(para); 
end 
returnImage = tempImage; 
 
selector.m 
function returnedImage = selector(inp) 
disp 'Selecting> Please select areas from image'; 
tstButton = 'c'; 
[m n] = size(inp); 
tempImage = zeros(m, n); 
while(tstButton == 'c') 
 tempImage = tempImage + bwselect(inp); 
 tempImage = im2bw(tempImage, 1); 
 imshow(tempImage); title('Selected image'); 
 tstButton = input('Enter c to continue, r to restart, f to finish ','s'); 
 if tstButton == 'f' 
  break 
 elseif tstButton == 'r' 
  tempImage = zeros(m, n); 
  tstButton = 'c'; 
 end 
end 
returnedImage = tempImage; 
 
filling.m 
function returnedImage=filing(inp) 
tstButton = 'c'; 
disp 'Filling> Pick pixels to fill gaps'; 
[t u] = size(inp); 
tempImage = im2bw(zeros(t, u)); 
DK = im2bw(zeros(t, u)); 
SE = strel('diamond', 2); 
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SE1 = strel('diamond', 11); 
ara = inp; 
while(tstButton == 'c') 
 ara = imerode(imdilate(ara, SE1), SE1); 
 figure, imshow(ara); 
 tstButton = input('Enter c to continue, r to restart process, f to finish it ','s');   
 if tstButton == 'f' 
  break 
 elseif tstButton == 'r' 
  tempImage = im2bw(zeros(t, u)); 
  ara = imerode(imdilate(inp, SE1), SE1); 
  tstButton = 'c'; 
 end 
 [c, r, P] = impixel(ara); 
 ara = im2bw(imlincomb(1, ara, -1, DK));   
 [n m] = size(c); 
 for i = 1:n 
  tempImage(r(i), c(i)) = 1; 
 end 
 DK = imdilate(tempImage, SE); 
 ara = im2bw(imlincomb(1, ara, 1, DK));  
end 
returnedImage = ara; 
 
trimming.m 
function returnedImage = trimming(inp) 
disp 'Trimming> Please select pixels to cleanup';  
tstButton = 'n'; 
morphedImage = bwmorph(inp, 'thin', Inf); 
imwrite(morphedImage, 'Gspine.tif');  
while(tstButton == 'n') 
 tempImage = morphedImage; 
 imshow(tempImage), figure, [c, r, P] = impixel(tempImage); 
 [m n] = size(c); 
 for i = 1:m 
  tempImage(r(i), c(i)) = 0; 
 end 
 disp 'Trimming> Please select a pixel on the axon';  
 tempImage = bwselect(tempImage); 
 imshow(tempImage); title 'Current Trimmed Image'; 
 tstButton = input('Stop Trimming?','s');    
end 
returnedImage = tempImage; 
 
spine.m 
function matrixS = spine(inp) 
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[s1 s2] = size(inp); 
S = 0; 
k = 1; 
for i = 1:s1 
 for j = 1:s2 
  if inp(i, j), 
   S(k,1) = i; S(k,2) = j; k = k + 1; 
  end 
 end 
end 
size(S); 
matrixS = S; 
 
beadcount.m 
function matrixZ = beadcount(inp, S) 
disp 'Determining beading along the spine. Please wait';  
O = [5; 13; 29; 49; 81; 113; 149; 197; 253; 317]; 
[t u] = size(S); 
Z = zeros(t,1); 
for i = 1:size(S) 
 for j = 1:10 
  OverlappedImage = overlap2(inp, makedisk(j), S(i,1), S(i,2)); 
  [Xval Yval] = find(OverlappedImage == 2); 
  [a b] = size(Xval); 
  if (a / O(j)) >= 0.85 
   Z(i) = j; 
  end 
 end 
end 
matrixZ = Z; 
 
makedisk.m 
function returnedImage = makedisk(n) 
Disk = zeros(2*n + 1, 2*n + 1); %create small square image with size of disk 
Disk(n + 1, n + 1) = 1; %center pixel = 1 
se = strel('disk', n, 0); 
Disk = imdilate(Disk, se); 
returnedImage = Disk; 
 
overlap2.m 
function returnedImage = overlap2(mainImage, movingImage, x, y) 
[s1 s2] = size(mainImage); 
[m n] = size(movingImage); 
tempImage = zeros(s1 + 2*m, s2 + 2*n); 
for i = 1:s1 
 for j = 1:s2 
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  tempImage(i+m,j+n) = mainImage(i,j); 
 end 
end 
fImage = zeros(m, n); 
for i = 1:m 
 for j = 1:n 
  fImage(i, j) = tempImage(x+(m-1)/2+i, y+(n-1)/2+j) + movingImage(i, j); 
 end 
end 
returnedImage = fImage; 
 
beadfilter.m 
function matrixZ = beadfilter (f) 
disp 'Filtering noise from beading. Please wait';  
avg = mean(f) 
[m n] = size(f) 
for i = 1:m 
 if f(i) <= 2 * avg 
  f(i) = 0; 
 end 
end 
for i = 1:m 
 for j = 1:f(i)-1 
  if i > j & m-i > j 
   if f(i+j) <= f(i) - j 
    f(i+j) = 0; 
   end 
  end 
 end  
end 
for i = 1:m 
 temp(m+1-i) = f(i); 
end 
for i = 1:m 
 for j = 1:temp(i)-1 
  if i > j & m-i > j 
   if temp(i+j) <= temp(i) - j 
    temp(i+j) = 0; 
   end 
  end 
 end  
end 
for i = 1:m 
 f(m+1-i) = temp(i); 
end 
matrixZ = f; 
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beadcategorize.m 
function matrixC = beadcategorize(f) 
disp 'Categorizing beads. Please wait';  
C = zeros(10,2); 
for i = 1:10 
 C(i, 1) = i; 
end 
for i = 1:size(f) 
 if f(i) > 0 
  C(f(i), 2) = C(f(i), 2) + 1; 
 end 
end 
matrixC = C; 
 
MTforcoloc.m 
clear; 
disp 'Welcome to MT fluorescence analysis program'; 
filename = input('Please enter input file name? >','s');  
rawImage = imread(filename); 
cleanedImage = MTcleaner(rawImage); 
thresholdedImage = thresholding(cleanedImage); 
selectedImage = selector(thresholdedImage); 
filledImage = filling(selectedImage); 
trimmedImage = trimming(filledImage); 
S = spine(trimmedImage);  
V = getvalue(rawImage, S) 
savefile = sprintf('locMT_%s.mat', filename); 
save(savefile, 'V') 
 
MTcleaner.m 
function returnImage = MTcleaner(inp) 
tstButton='n'; 
disp 'Cleanup> Please select areas to get rid of';  
while(tstButton == 'n') 
 inp = roifill(inp); 
 imshow(inp); title 'Current Image'; 
 tstButton = input('Stop Cleaning?','s'); 
end 
returnImage = inp; 
 
getvalue.m 
function matrixV = getvalue(inp, S) 
[m n] = size(S); 
V = 0; 
for i = 1:m 
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 V(i) = inp(S(i, 1), S(i, 2)); 
end 
matrixV = transpose(V); 
 
 
coloc.m 
clear; 
disp 'Welcome to beading & MT loss colocalization program'; 
filename = input('Please enter beading file name >','s'); 
loadfile = sprintf('locbead_%s.mat', filename); 
load(loadfile, 'Z'); 
beads1 = Z; 
beads2 = []; 
if input('Are there any other phase images? ', 's') == 'y' 
 filename = input('Please enter beading file name >','s'); 
 loadfile = sprintf('locbead_%s.mat', filename); 
 load(loadfile, 'Z'); 
 beads2 = Z; 
end 
filename2 = input('Please enter MT file name >','s'); 
loadfile2 = sprintf('locMT_%s.mat', filename2); 
load(loadfile2, 'V'); 
intensity1 = V; 
intensity2 = []; 
if input('Are there any other MT images? ', 's') == 'y' 
 filename2 = input('Please enter MT file name >','s'); 
 loadfile2 = sprintf('locMT_%s.mat', filename2); 
 load(loadfile2, 'V'); 
 intensity2 = V; 
end 
beads = attacher(beads1, beads2); 
intensity = attacher(intensity1, intensity2); 
extent = floor(size(intensity)/10); 
AN = find_AN(beads, intensity, filename); 
cr = cumulratio(AN, 0); 
hah = 0; 
for i = -1*extent:1:extent 
 tempintensity = mover(intensity, i); 
 AN = find_AN(beads, tempintensity, filename); 
 crtemp = cumulratio(AN, i); 
 if crtemp < cr 
  cr = crtemp; 
  hah = i; 
 end 
end 
movedintensity = mover(intensity, hah); 
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AN = find_AN(beads, movedintensity, filename); 
crfor = cumulratio(AN, hah); 
revintensity = reverse(intensity); 
rev_AN = find_AN(beads, revintensity, filename); 
cr = cumulratio(rev_AN, 0); 
hah = 0; 
for i = -1*extent:1:extent 
 tempintensity = mover(revintensity, i); 
 rev_AN = find_AN(beads, tempintensity, filename); 
 crtemp = cumulratio(rev_AN, i); 
 if crtemp < cr 
  cr = crtemp; 
  hah = i; 
 end 
end 
revintensity = mover(revintensity, hah); 
rev_AN = find_AN(beads, revintensity, filename); 
crrev = cumulratio(rev_AN, hah); 
if crrev < crfor 
    AN = rev_AN; 
end 
 
attacher.m 
function matrixf = attacher(f1, f2) 
[n1 m1] = size(f1); 
[n2 m2] = size(f2); 
f = zeros(n1 + n2, 1); 
for i = 1:n1 
 f(i) = f1(i); 
end 
for i = 1:n2 
 f(i + n1) = f2(i); 
end 
matrixf = f; 
 
find_AN.m 
function matrixD = find_AN(beads, intensity, filename) 
[n1 m1] = size(beads); 
[n2 m2] = size(intensity); 
BK = zeros(max(n1, n2), 4); 
for i = 1:size(BK) 
 BK(i, 1) = i; 
end 
if n1 >= n2 
 k = (n1 - 1)/(n2 - 1); 
 for i = 1:n1 
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  BK(i, 2) = beads(i); 
  BK(i, 3) = intensity(round(i/k)); 
 end 
else 
 k = (n2 - 1)/(n1 - 1); 
 for i = 1:n2 
  BK(i, 3) = intensity(i); 
  BK(i, 2) = beads(round(i/k)); 
 end 
end 
for i = 2:max(n1, n2)-1 
 if BK(i, 3) == 0 
  if BK(i+1, 3) ~= 0 
   BK(i, 3) = BK(i+1, 3); 
  else 
   BK(i, 3) = BK(i-1, 3); 
  end 
 end 
end 
[a b] = size(BK); 
for i = 1:a 
 r = BK(i,2); 
 total = 0; 
 if (r < i) && (r < a-i+1) 
  for j = -r:r 
   total = total + BK(i+j,3); 
  end 
  BK(i,4) = total/(2*r+1); 
 else 
  BK(i,4) = BK(i,3); 
 end 
end 
savefile = sprintf('BK_%s.mat', filename); 
save(savefile, 'BK'); 
k = 1; 
for i = 1:a 
 if BK(i,2) > 0 
  AN(k,:) = BK(i,:); 
  k = k + 1; 
 end 
end 
matrixD = AN; 
 
cumulratio.m 
function matrixA = cumulratio(V, k) 
[n m] = size(V); 
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if k > 0 
 A = 0; 
 for i = 1+k:n 
  A = A + (V(i,2))^3 / V(i,4); 
 end 
else 
 A = 0; 
 for i = 1:n+k 
  A = A + (V(i,2))^3 / V(i,4); 
 end 
end 
matrixA = A; 
 
mover.m 
function matrixM = mover(intensity, x) 
[n m] = size(intensity); 
moved = intensity; 
if x >= 0 
 for i = 1:x 
  moved(i) = intensity(1); 
 end 
 for i = 1:n - x  
  moved(i + x) = intensity(i); 
 end 
else 
 for i = 1:n + x  
  moved(i) = intensity(i + abs(x)); 
 end     
 for i = 1:abs(x) 
  moved(n-i+1) = intensity(n); 
 end 
end 
matrixM = moved; 
 
reverse.m 
function matrixR = reverse(intensity) 
[n m] = size(intensity); 
R = zeros(n); 
for i = 1:n 
 R(n-i+1) = intensity(i); 
end 
matrixR = R; 
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